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PREFACE 

During the last fift,y years, scient ific workers interested in the 
study of the photographic process have built up a fund of knowl
edge which i5 scattered t.hrough the literature in several lan
guages and in a great diversity of journals. The purpose of this 
book is to p rovide a general handbook of t he subject as a guide 
to the litemture and as a summary of its condusions. 

SuC"h a n under taking is possible only by the co-operat ion of a 
large number of specialist s, and the author is for tunate in the 
generous assistance which he has received from his colleagues in 
the Kodak Research Labomtories. 

The book ns a whole owes much to Dr. K. C. D. Hickman 
and :Mr. R. ).[. Evans. 

Dr. S. E . Sheppard contributed much matcri:l.l to Chapterrs 
I, III, and IV. Chapter II wns revised by ).'lr .. ·\. P. II. T rh·el\i 
nnd l\Ir. R. P. Lovclnnd; and Chapter IU, by Dr. J. A. Leer
makers. Dr. J. H. 'Ycbb added much to Chapters IV, V, VI, 
and VII. A considerable part of the Section on Development, 
including the whole of Chapters I X, X, and XII, was written by 
Dr. Arnold Weissberger. Chapters XIII, X IV, and XV were 
revised by ).'lr. J . I. Crabtree and Dr. W. Clark. l\Ir. C. l\1. 
Tuttle wrote part of Chnpter XVII, and Dr. L. A. Jones revised 
the Section on Sensitometry and wrote Chapt.cr XX. Chapter 
XXI was revised by Dr. F. II. Perrin ; and Chapter XXII , by 
Dr. 0 . Sandvik and J\ lr. W. K. Grimwood. Chapter X XIII 
was wrilten by Dr. L. G. S. Brooker and Dr. B. H. Carroll ; 
and Chapter XXIV, by Dr. Brooker. Dr. Carroll and Dr. 
Leermakers revised Chapter XXV. Dr. E . E. Jelley cont ributed 
several sections of chapters. 

The author is indebted to Dr. G. Kornfeld for much assistance 
in revision and, above all, to his secretary, l\Iiss I. A. Schmitt. 
Acknowledgment should be made of the usefulness of K. V. 
Chibisoff's book, Theory of the Pholoyra:phic Processes. 

One omission in the book requires explanation. A book on 
the t heor)• of photograph~· should eontain a chapter on emulsion
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viii PREFACE 

making, discussing various methods of procedure and their effect 
upon the finished product. T he author's knowledge of this 
subject has been acquired in confidence, however, and he is not 
entitled to publish the material with the frankness which alone 
would justify any publication. 

RocHEsn:R, N. Y. 
July, 1942. 

c. E. RE:-JNETH MEES 
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INTRODUCTION 

The photographie pror~Cf'M involve:; the follO\vinp; operations : 
An image is formed by mca,ns of a lens upon u layer containing 
lip;ht-scnsitivc materia.!. After exposure, the byer is d'mcloped 
by chemical tn)tttment, :l!HI :~ visible image is pmdnecd. The 
uncxposecl and urwhangecl material is now rcmovccl b,y solution . 
This is termed jixinu the image. The image :-;o ohtaincd is 
usuall y a negat-ive, in which the bright parts of t he original scene 
appear dark and the dark pnrL-;, bright. The negative is printed 
upon another li ght-sen:;itivc layer, which, in turn, produces u 
visible image whieh i:-:; termed a wint, or 

In this pnwess, the colors apparent in original scene arc 
not rec!o rded :t.-> sueh, but the negative and positive images 
f(~present them in monochrome. 

Spec:ia! processes can be used to p1·orluco pholo!-!:mphs in color. 
These ut.ilir-e a. combination of monothrome pr-ocesse;; by \vhic:h 
the colo1.,<; of the scene are reproduced by different proportions 
of three colors. 

The theory of the photographh: process involves a study of the 
nature of the light-sensitive layer~ u~ecl, of the factor.<: which 
control their senRiLivity to light, of the changes induced in them 
by the ac ti on of light, of the nature of development, and of t he 
propertit~s of the final image a.nd its relation in tone v:llnes to 
the tone values of the :--eene from which it was produced. 

In moclel'll photographie proce::;ses, the light-;;enf'itive materia.! 
is almost nlways a compound of silver. Compounds of iron, 
chromium, and a. few other metals arc sensitive to li ght, as are 
certain orJ.~;anic compound:,;, sueh as the diazo compounds, which 
hreak down under exposure to light. Iron all(! chromium have 
been used extensively in the production of photographic prints; 
hut the pho togmph ic proces::; which is considered in this work 
depends upon the light-sensitivity of the compounds of silver, 
and the photographic materialf'l discussed arc those which nrc 
formed by the :,;uspcnsion of hnlides of si lver ill a.la.ycr of gclnlin. 
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THE PHOTOGRAPHIC MATERIAL 



FIG. I. Photomicrograph of cross section of portrait film, about X 1500. 
A, emulsion; 13, supJ>Ort. 

D 

FIG. 2. Photomicrograph of cross section of bromide paper, X l 500. 
A, overeoating; ll, emubion; C, baryta layer; D, fiber. 



CHAPTER I 

THE LIGHT-SENSITIVE MATERIAL 

Photographic materials are, in general, of two types: negative 
material~ and positive materials, usually paper. 

Both negati ve nw tc rials and photographic papers are made 
hy coating an emuls£vn upon t.he base. Negative emulsions are 
:-;uspension::- in gelatin of silver bromide containing a little iodide, 
fmm wh ich mo::;t of the ;;oluble salt.:- resulting from the precipi
tatio n have been removed by washing. 

Pttpcr emulsions may have the iin.mc constitution as negative 
emulsions, that is, they may consist of si lver bromide free from 
solu ble salts; but the emuh;ion of most photographic papers is 
composed of sil ver chloride or a mixture of ch loride and hromide 
which has not been freed from soluble salts by wnshing. 

The ma.kin~ of light· scnsitive emulsions i,; an art belonging 
to the praetice rather than the theory of photog;raphy. For an 
understanding of the prope rties of emulsion;;, however, a brief 
ac;eount of their preparation is desirable. 

:\'E(~ATIVE E1'1Cl ... '3 10l'\R 

In the preparat.ion of negat ive emulsions there nrc three sepa
rate operations: 

1. The emulsification a nd digestion (ript:m:ny) of the Rilver 
halide; 

2. The freeing of the emulsion from excess solubletialts, usually 
by washin~; 

3. The Recond digestion (after-ripening), to ohtain sensitivity. 
Photographic cmuls iow; arc made from solutions containing 

g:e~temlly 10 per cent or more of the so luble ha lide and silver 
nit.ra.te . The gelatin used in emuLsification is only a small part 
of that neecs:o;ary in the fin ished emulsion. The acldi ion of the 
silve r to the bromide solu tion is made under fixed cond itions _of 
temperature and rate of addition to produee the dispersion re
quired, and then the precipitated silver bromide is ripened by 

3 



THE THEORY OF THE PHOTOGRAPHIC PROCESS 

heat in the presence of a solvent until the processes of growth 
and of coalescence and recrystallization described later are com
pleted. \Vhen this stage is finished, sufficient gelatin is added 
::;o that, on eooling, the emulsion sets to a finn jelly. It is then 
cut into small fragments, usually by squeezing through a grid 
under pressure; and the Holuble salts, consisting of alkali nitrate 
produced from the reaction nnd excess of alkali halide, are re
moved by washing in chilled 'vater until the diffusion is complete. 
Then the emulsion is remelted, usually with the addition of a 
further quantity of gelatin, and held at a moderate temperature 
until the after-ripening produces the required sensitivity and 
contrast. 

The two stages of digestion differ not only in the effects which 
they produce but alRo in their functions. The first stage is 
intended to establish the grain distribution of the si lver bromide, 
and this distribution is affected very little, if at all , in the process 
of after-ripening, as shown by Chibisoff and M ikhailova. 1 On 
the other hand, before washing, the emulsion has low sensitivity 
and very low eontrast; and during the after-ripening the grains 
undergo profound changes in their reaction to light, owing to 
their acquisition from the gelatin of the sensitizing materials 
referred to in Chapter III. 

l. E~1ULSIFICATIO~ A~D RIPEKIKG 

Inasmuch as this operation determines the distribution of 
grain sizes, the charaeter of the emulsion is fixed at this stage. 
The silver nitrate solution is added to the bromide solution by 
runn ing it through a funnel at a definite rate with a very con
siderable degree of stirring to prevent any great local excess of 
silver nitrate. The concentration of the alkali bromide in the 
solution must be of the order of 10 per cent or slightly hig;her. 
A lower concentration docs not provide enough silver halide in 
the finished emulsion, ·while a much higher concentration causes 
difficuHy from the formation of coarse-~ra.in precipitates. 

All negat ive emulsions contain some iodide. The amount 
varies from nearly zero to a maximum of about 10 per cent of 
the silver bromide present. Potassium iod ide is usually added 
to the potassium bromide solution before precipitation, but it 
may be added during prccipitalion or ripening. The action of 
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silver iodide in silver bromo-iodide emulsions is complicated. It 
produces finer-grained emul~ions with higher speed and con
t.mst, if the concentration i~ low. 

Jn crnulsiflcfi.tion, only a smnll part of the total gelatin is 
uscU, t.he bromide solut ion containing usually from 1 to 5 per 
cent of gelat in, and this gelatin is selected for its prol..cctive 
ahiliLy rather than il-s possession of the photogmphic sensit izers 
neceHHary in the gehtt.in used later in the process; that is, the 
gelatin used in precipitation is genendly of a.n inact.ivc type and 
is also what is termed by the gelntin makers a "soft" gelatin
one of low melting point and general ly low jelly Strength. 

There arc two different types of cmul::;ions : neutml emulsions 
and a mmoniacal emulsions. In the ease of the neutral cmul
siom;, a large excess of alkali bromide is used to enable the 
Ostwald ripening a ud crystalliza tion to proceed because of its 
solvent power for sil ver bromide. In t he case of t he ammoniacal 
emulsions, the a mmonia may he udded to t he bromide solution; 
but it. i:-; more mm:d to employ what is Lcrmed a cmwerled silver 
nitrate. This is prepared by adding ammonia to the solution 
of silver nitrate until the preeipitate of silver oxide just re
dissolves in t,he execs.-; of ammonia; the silver is then in the form 
of a complex ion with ammonia. Upon precipitation, the am
monia is released from the complex ion and is present in the 
emubion. The temperatures used in making neutral emulsions 
arc much higher than t.hose which can he employed for ammo
niacal emulsions ; temperatures of the ln.tter exceeding 50° C. a re 
dungcrous nnd very soon produce fog, while in the absence of 
ammouia, it is possible to precipi tate at temperatures from 70° 
to 00° C. The higher the temperature tUtd the slower the rate 
of addition of the silver nit rate, the greaLer the m.nv;e of grain 
sizes produced a nd t he larger the maximum size of grains. But 
the same result can be attained by long;-eontinued ripening, so 
that an emulsion of la.rge grain size and eventually of high sensi
Livity can be obtained either by adding the sil ver very s lowly, 
and so building up large grains in the course of precipitation, or 
by adding the silver mpid ly and obtaining a fine-grain pt·ccipi
tate, which is then a llowed to recrystallize by d igestion in t he 
presenc:e of excess of alkali halide or of ammonia. The rate 
'0f Ostwald ripening and of rccry~tallization, which controls the 
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final grain distribution, depends upon the solubility of silver 
bromide in potassium bromide i:!Olut ion and in ammonia . 'T" 

solubility of silver bromide in ammonia, in the presence ol , 
tas.-;ium bromide, ha!:l been studied by Linlikov 1.1-nd Piskunova. 
They give t he following table, from which it is seen that tJ,, 
presence of nitrate increases the solubility of the silver brm 
during the ripening process : 

TABLE I 

SoLUDILITY 01' A~llr Dl 1 ?o,! Xlf, AT 3.')°C, 
E~Tt:t:T 01' JC~O, A'W 1\:Hr 

IVitlwutKNO, 
Molu KJJr Moles A gBr 

0.01 0.0013·1 
0.02 0.000~4 
0.03 O.OOOOG 
0 .0·1 0.000[1·1 
o.or. o.oooH 
0.1 0.00033 
0.2 0.00033 
0..1 0.00038 
0$ 0.()()().'j9 
1.6 0.002415 

ll'itJ~KNO, 

:lfi)/('8 A(I!Jr 

0.00230 
0.001u.l 
O.OOlaQ 
0.110094 
0.()(\QSO 
o.ooo.-•. , 
O.OOOH 
0.00046 
O.OOOS4 
OJXJ324 

In the absence of ammonia, the solubility of silver br01 ..... 
in dilute potassium bromide solutions is so low that the po' 
of minimum solubility is difficult to measure. The minimt.. 
solubility occurs at a concentration of approximately 0.001 1\: 
t he initial depression of solubility presumably a rising fron. 
effect of the common anion on the dissociation equilibrium, wtL 

the increase of solubility with inc:reasing concentration of ' 
m.ide is due to the formation of complex ions. The so1 ... u . ., 
increases very rapidly, both with concentration of the solub. 
bromide and with te:npera.ture, so that at high concentrations 
and high temperatures it is sufficient to permit of rapid Ostwald 
ripening and recrystallization even in the absence of ammonia . 

When an emulsion is formed by t he slow addition of silver, 
the extent of a fter-ripening is of liLlie importa.ncc because the 
reerystallizatio.1 occurs largely during precipita t ion and ther 
arc few very fine grains to he dissolved a.JUl reprecipil.<tted. 
the other hand, if the emulsion is precipitated rapidly, a lonj.\ 
d igest ion will produce the desired redistribut ion of p;rain sizes. 
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Broadly speaking, high-speed neutral emulsions used for nega
tive \vork ean be prepa.red by slow addition and long ripening 
at high ternpernturcs and in the presence of ammoni:1 at hnver 
temperatures; while the lower-speed emulsions used for process 
work or the making of lant.cm slides or positive film are made 
with more rapid addition a.t lower temperatures, so that they 
show a more uniform and finer grain distribution than the high
speed emulsions. 

Aft.er the emulsion is ripened, a considerable quantity of gela
tin is added, usually bringing tire emulsion up to a strength of 
about 10 per cent in gelatin. ,\ s already mentioned, the prop
erties of this gela.t.in are of the greatest importance, since on 
them depends the serJ.-;itizing to be attained later. \Vhen the 
gelatin is dissolved, t he eruubion is chil led ns rapidly as possible 
and allowed to se t to a firm jelly, after which it is cut iuto shreds 
a few millimeters in d iameter. 

2. THE WAS IIH>G OUT OF ,<;;OLUl\LE SA!,TH 

Pho tograph ic emulsions arc washed between the ripening ami 
finishing st.ngcs t.o remove the potassium nitrate and any excess 
of pota:-;sium bromide prc..;cnt during the ripening operation. 
The amount. of wa:-;hing can be fairly satisfactorily controlled 
hy careful maintenance of the conditions of flow of water 'Hld 
it,<; t.cmpera ture1 with variation:-; in time of washing to secure 
opLimum rc~mlt.-;. 

The emu1..;ion is mel ted ror the a.ficr-ripening, and at this point 
the la:-t of the ge\a.tin is added if all of it has not already been 
used for setting. A photographic test of the emuh;ior l fiS soon 
as it is melted will show tlwt it is not only low in sensiti vi ty but 
gives low contrast; but as it is held at a temperature of 50° C. , 
or more, contrast and sensitivity inerease very rapidly until, in 
ten minutes or so, the emul::iion attains the normal contrast for 
that type or cmul::;ion. Sensitivity will con tinue t.o iuerease for 
a time depending upon the wllole structure of the emulsion and 
the ge latin used. Celatins differ very much in their effect upon 
the rate at wh ieh sensitivity inC'rea:,:;cs afte r ripening, and by 
adjusting the time of ripening identical results ean be ob-
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taiued with gelatins of widely different properties (Chap ter III, 
p. !l:l). 

AfLer a limited time, usually less t han a n hour, the increase 
of sensitivity ceases; and, if t he ripening- is continued, t he emul
::-;ion will, after a Lime, hegin to show a serious increase in fog. 
The emulsion sometimes beg-ins to show fo g- before the maximum 
sensit ivi ty is reached, owin1!; to the improper adjustment oJ 
emulsion precipitation and choice of gelatin. Jf an emulsion i 
insufficiently ripened, so that the maximum sensitivity is nc 
reached before the after-ripening is stopped, the ripeninJ?; is sta ' 
to continue dming storage of t he emu lsion; and even if t 
emulf'.ion is coated and dried, the coated materia l will contin e 
to inerease in sensitivity when it is kept. lf, 011 the other hard, 
the emulsion is over-ripened ncar to lhe point of fogging, it will 
be unstable on keeping; and the coated material is likely to 
develop fog when stored. 

A fin ished liquid negat ive emulsion contains about 6 per cent 
of gela tin (dry weight) and 4 per cent of sil ver halide. It is 
coated on the support ton, depth of about 0.3 mm. , from which 
it dries down to nbout 0.025 mm. in thickness. T he coating on 
paper shrinks from about 0.1 mm. when wet to 0.04 mnL 'when 
dry. Negative materials, therefore, contain abou t 1.5 mg. of 
silver halide per square centimeter, and paper,;;, about 0.5 mg. 
CroRH Heetions of developed negative film and bromide paper arc 
shown in Figures 1 and 2. 

PAPER K~IULSIONS 

l\-Iost of t he emulsions used for printing paper arc unwashed. 
Chloride is used instead of bromide , and most or all of the 
gela.tin is added at tho beginning. The qualit y and sensi t ivity 
of such emulsions depend upon the formula, the gelatin, and the 
exact conditions of preeipitation. The silver chloride is pro
duced in a very finely dispersed condit ion and can be Hecn as 
distinct grains under only the highest powers of the microscope. 
Owing t.o the presence of the soluble salts , whieh may crystallize 
out on an impermeable support., unwashed emulsio ns can be used 
best with an absorbent support, such n.'l paper. 

The relatively rapid bromide p.apers used for en larging are 
made with a wa;;hcd emulsion o{ a slow negative type. 
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THE SILVER HALIDE PRECIPITATE 

1f a drop of diluted emulsion is examined under the micro
scope, the silver halide crystals will be seen to be well defined 
in form and to range in size from the limit of visibility to a 
maximum of perhaps 5~ in diameter, the average diameter for 

•a rapid negative emulsion (Figure 3) being about 1~. The 

<:)olt3 . -
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Fro. 3. Photomicrograph of the silver halide crystals of a negative emulsion, 
about X2500. 

photographic properties of the emulsion depend upon the com
position and structure of the individual grains, upon their crys
alline forms, and upon the conditions of precipitation, which 
>roduee graius of different sizes and distribution of size.* The 
presence of gelatin profoundly modifies t he nature of the precipi
tate (Chapter III ). 3 · • 

The silver halides are among the least soluble salts known 
nd with silver thiocyanate and sil ver sulfide they form a series de 
•lfthediruneterso f nlltbe~~:rainsinng i vcn'·o!umeofl'ncmu!sionaremeasuredan 

J the diameter~ are J>loUed a~~:uinst the frequency with whi"h they ocrur, a distributi<> 
curve n11ults which ia not unlike th:~.t "hid, could bo deduced from the laws of probability 
(Chapter 11). 
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erea.:jinf!; in solubilit.y in f.hc order; silver chloride, silver t.hio
cyanalc, sil ver bromide, sih•cr iodide, and -"il vcr sulfide. The 
dt!position of the~e sil ver :sal ts from the double decomposition 
rca tlions is so rn.pid that the precipitate appears eut.ircly amor
phous. It was not until the X-ray an:tlysis ~ of powders had 
been perfected that Wilsey 5 was able to show that t he halides 
a.re a lways microcrystalline. Crystals which a.re vi.:.;iblc under 
the microscope or even brv;e enough to he seen by the unaided 
eye can be obtained by tJw use of suhRt.a.nces which form w luble 
complexes with the silver halide, stwh as potassium bromide or 
nmmonia: T his makes pos.sible the continued supply of silver 
and halide ious from a solution containing a very low concen
tration of the free ions. The crystals ;.;o obtained belong to t he 
cubic system, but their external .-;hape may depend upon the 
compo~·ition of the solution from which they ~tre gr·own. With 
potussium bromide as the solvent, oetai!Cdral faces :.tre prodt1cecl, 
:md the crystl\IS present t riangular :md hexagonal outlines; with 
ammonia, octahedml face;; are generally pro•Juced, but crystals 
with cube faces have been obtained. 

lf two solut.ions yielding a precipitate nre mixed, the condi
tions of inte raction will n.ltcr progressively from the moment the 
firs t drop of one meets the other. Though t hey contain equiva
lent quant ities of salt in unit volume when they begin to mingle, 
the formation of insoluble product leaves the solut ions weaker 
than before. Each succeeding clement of precipitate, t herefore, 
originates from a le:;s concentrated medium anll a medium grow
ing rieher in reaction products. 

The euviroumeut during precipitation can he V:l l'icd artifi
eially . The 8olut ions mu.y be made to di!TN from (~ach other in 
concentrat ion, even though the quant.itic~ of salt involved re
main cquivllien t., hy dissolving one react.a.nt in less water than 
the other. In this case, most of the precipitate is formed in 
eontnct with an excess of the more concentrated reagent. The 
effe<:t is uceentuated if precipitation is performed with solut.ions 
which are not equivalent; at the finish, the solid produet is in 
contu.et with an exeess of one of the reaetinJ.!; bodies. 

All t hese conditions mn.y nrise during; emub ion-making, aHd, 
although silver ha lide is produced in e:u·h case, t.he properties of 
t.his halide may vary npprecin.bly. Why t.Ms should ht! so ca.n 
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be t~xplained accordiug; to current theories of chemical combina
t ion and the strudure of cr)~"ita l s . 

In the latter part of t he last century, accep tance of the law of 
conBlant proporlionR and the lnw of rnnltiple proportions for the 
eomhining weights of the elements led to a simple meelmniea l 
conception of valency. One atom could unite with one, two, 
three, or up to eight atoms of another element, according to its 
valency. The compound was the sum of its moleeules nnd 
its composition was therefore exadly that of the molecules. 
Silver and bromine being monovalent, the compound :-:diver bro
mide in any quantity would consist of X si lver atoms and ex
actly X, to a uni t , bromine a toms. The eombinat.ion between 
gra m-atom masses of silver (107.SS gms.) and bromine (7D.D 
gms.) , el'Wh eontaining, as now known, about G.OG X 10:..1 atoms, 
\V(mld be pic:turcd as the separate interloeking of silver a.nd 
bromine atoms in pain;, each union being a separate event 
taking place without regn1·d to the others in the neighborhood. 
" ' hether, therefore, there were an excess of a few atoms of either 
component left over in t he p;encral pairing would not seem to 
modify the nature of the product already formed. The excess 
would merely be rejected and ldt in the solution. 

T he researehes of \"Verner and of Bragg and Bragg and the 
theoretical work of Bohr, Lewis, 13om, Fajans, and others 7 haYe 
shown that this pieturc is insuflicie nt. For salt-l ike compoui1(JR, 
the valence ann of the earlier chemists becomes a convenien t 
abbreviation for forees generated by the interchange of electrons 
between combin ing atoms. Jn the solid and probably in the 
lif!uid sta.\.es, such chemical combination is no longe r considered 
a wivate a!fair, us between atom apd atom; it is a group relation 
concerning colon ies of atoms. 

When ;;.i!ver bromide is preeipita~.ed from solution, the silver 
and bromine ion.-; are not attached to one another in pairs, with 
the resul ting moleeules lined up to form a ery~tal , but are 
arranged in n symmetrica l patte rn in which it i~:> impol"-sible to 

that any one bromine a tom is the property of any particula r 
atom. It is the reduplication of a vnst number of Ri lver 

and bromine ions in a rcgubt· three-dimension:~ ! mosaie or lallicc 
whieh constitutes a crys tal. E:wh crystal habit has its own 
laUiee structu re, in which the atoms are situated at definite 
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dis tances and in definite directions from one another. If it 
cannot be snid Umt the purpose of cry:;tal ha bit is to n.fford each 
atom t he grentes t contact with the other component and the 
leas t possible cont.act with its own members, this, at any rate, 
is the effect achi..-:vetl. 

'Yih;ey's po,vdcr X-ray analyses of silver chloride and bro
mide have shown them to have simple cubic la t tices ; the sides 

• Fw. 4. Din,:;mm 
of the cube h ttice of 
silver chloride llnd 
~ilvcr bromide. 

of the unit pattern, a solid element of which 
is shown in Figure 4, have lengths of 2. 78 A 
and 2.9S A, respectively. I t is seen that each 
silver atom is surrounded by six bromine 
atoms, and etLCh bromine atom by six silver 
atoms, the sets being disposed in a series of 
inlerpenetntting cuhes. Tl1e valency is still 
unity, in that silver bromide is composed of 
equal numbers of atoms of silver and bro
mine. It is the method of attachment which 
is conceived to be different. If each atom 

cannot be said to be bound to its neighbors by six valence bonds 
in the place of one, it is at least held in posit ion by a unit force 
exerted fractionally in six directions. The idea of aggregates of 
individual molecules thus gives place to that of the crystal itself 
as a giant molecule, which, owing to its regular structure, obeys 
the laws of constant proportions.* 

The theory of electrolytic dissociation has long suggested that, 
i n solution, the components of salt molecules are separated or, 
at least, interchangen.ble. Sih'cr bromide, though considered 
insoluble in water, docs dissolve to a minute extent ; iUH.l, since 
it is a oompound of n. metal wit.h a s trorrg acid, the part in 
solution is almost completely d issociated, thus: 

AgBr - Ag+ + Br-. 

The process must be considered a dynamic one, hmvcver; the 
ions homb:trd the solid material whieh cannot furtbcr dissolve, 
displacing occn~ionally one or other of the components in the 
outer layers and reforming the surface with new members. 

• T hift i~ nnly true fnr ionic nryst.'l~. ~urh ns ~ilw•r hrnrni<lc, nnd not fur »~<>lcculnr 
eryet11l8. aueh '"' thoee nf mo~t or~~:lmic comJ!OUlld~. in whk h the molecule retains much 
ind ividuality. 
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If, in the solid state, it is natural for the silver and bromide 
ions to remain stationed in a certain relative order, this is not 
possihle in solution, owing to t he freedom of movement in liquids. 
\.s the saturation point is pas~ed , hO\vever, at a cri tical concen

tration a crystal begins to separate. lV[aterial continues to de
posit un t il the amount of salt in solut ion has decreased to a new 
value, expressive of the fact that it is easier for ions to deposit 
once a nucleus has been provided. For the first act of crystal 
generation, a solution supersaturated as rega rds t he crystalline 
salt is required. The reason for the ea.sier deposi tion on a 
crystal already star ted is simple. In the center of a crystalline 
aggregate, each atom has i ts valency forces satisfied equally in 
each direction by ions of opposite sign . At the surface, how
ever, this condi tio n obtains only in those por tio ns of the atoms 
facing inwards, and eac h one is left unsatisfi ed on the sirle 
towa;·ds the solution. The surface, t herefore, is always acquisi
t ive, fin:.t. for ions of one sign, then for those of the opposite ; 
and as long; as the process of a ttachment takes place, the crystal 
growi:i. The limit. of grO\vth is reached when the loss of materia l 
to the ~olution is equal to t he rate of deposition, which occurs 
when the solution is impoverished to the saturation limit. If 
one of the ions is t hen in excess, ail if an extra quan ti ty of a 
soluble salt containing the ion is added, the finished crystal will 
have nttraeLed a layer of these ions to its entire surface, a layer 
which cannot be covered by ions of opposite sign because of their 
Hcarcity. Insofar, tlwn, as the surface has an ext ra layer of one 
component, the crystal differs by this amount from the compo
Hition demanrled hy the law of constant proportions . In the 
large nystal s of laboratory iltock chemicals, the ratio of the 
number of a toms in the surface to those in t he interior is so 
exceedingly small that little varia t ion in composition is detect
ahle. The fine precipitates met with in analytical work, how
ever, are often found to contain more of one component than 
they should. The excess of precipitant may be occluded or 
adsorbed. The ratio of surface to volume is appreciable in .this 
degree of su bdivision, and t he adsorbed ions alter the composi
tion to a measurab le extent. In the case of t he thin platelike 
crystals which commonly occur in emulsion.<;, calculations show 
that the excess of sil ver or bromirle ions amounts to .03 per ceu t 
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for grains lJ.L thick (very large crystals) and .33 per cent for 
grains O. lJ.L thick . 

The case of silver bromide precipitated from silver nitrate and 
potassium hromide is typical: Let either component- for ex~ 
ample, the pohtssium bromide- be in excess. At the bcginniug 
of precipit,ation, silver, potassium, bromide, and nitrate ions are 
thrown together. Solid silver bromide separates until substan
t.ially all the silver ions have been removed and leaves in solution 
an excess of bromide ions and a greater number of potas.."ium 
:wd nitrate ions. The surface of the silver bromide now attracts 
these ions, the bromide and the nitrate tending to adhere to the 
outermost silver members of the lattice, while the potassium 
ions collect a t t he bromide members. But, of the t hree varieties 
in solution, only the bromide ions arc common to the latt ice 
:wd are of dimensions such that they fit in with the surfnee 
sl.n1cture of t he mosaic. Only these, therefore, C1u 1 approach 
sufliciently int im:ltcly to be held. Since the ions are charged 
part icles, the acquisition of a layer of bromide ious renders a 
crystal negatively charged. It has an affinity, therefore, for an 
equal number of positive ions, in this instance, potassium, from 
the solution; and the concentration of these increases in the 
neighborhood of the crystnJ surface until electrical equilibrium 
is established. 

If attempts arc made to wash or dry the crystal, the dynnmic 
equilibrium of ions in the vicinity at once becomes sta t ic, ench 
excess surface bromide ion attracting a supplementary pot<\Ssium 
ion and attaching it permanent ly to an external layer. I n 
chemical parlance, the silver bromide ha~ retained some pota~:n:um 

bromide in an adMrbed condition. Pan.icular stress is bid upon 
the ffLct that if one ion is adsorbed to a crystal, the compauion 
ion is a lways concentrated in the neighborhood to an equivalent 
extent. There is a tendency in photographic and colloid litera
ture to speak of adsorbed ions as though they were present 
without their consorts. This has arisen bee:wsc, for practicnl 
purposes, if the crystal is in contact with n solut.ion, it is only 
the attached members of the ion pairs which modify t he surfaee. 
The conditions existing around a si lver bromide crystal in a 
solution coulniniug itn excess of potassium bromide may be 
pictured diagramma.ticalty, as in Figure 5. This shows the cubic 
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face of si lvct• bromide. The cubic faces arc seldom found in 
photogmphic emu lsions but arc those considered hy Fajnns nnd 
Frankcn burger in t heir interesting researches.~ T he faces de-

~ 1 ~ 
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}Cw. 5. Diag;rum of the ,;ilvcr hromide lattice showing potassium Lrumidc 

adsorbed to cubic f:JCCS. 

vcloped hy the octahedral crystal~ of a negative emulsion present 
n .-;u rfacc of ions a ll of one kin d, a~ in Figrne G, or, if precipi tation 
is performed in excess of silver nitrate, according to Figure 7. 
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The comp~tnion potassium or nitrate ions of the adsorbed bro
mide or s ilver ion~ arc iudividu::d ly free to move <t\vay and be 
replaced by others. The crystals can, therefore, be regarded 
as electrically charged towards other crystals 1:1hould these ap
proach. This electrification has important physical effects. 
The pa-rticles of a precipitate pt·cparcd in the presence of excess 
of one reagent repel one anot.hcr since they are charged with t.he 
same ion. This prevent~ coalescence a nd gives rise to a col
loidal solution if the crystals are small enough. The adsorbed 
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FIG. 7. Diagram showing silver a(borhcli t o an oct:liwdral face. 

ion has pcpti zed the precipitate, and the solution remains cloudy 
and will not settle. 1f a suspen:.;ion of an insoluble salt charged 
in this w~ty is mixed with a suf.lpcnsion of a Rimilar Halt prepared 
in an exc:e.<>s of the other reactant, the pur t ieles of opposite sign 
a.ttmct one a nother, neutralization of charges takes place, and 
the materia.! floccula.tcs. 

Fa.jans and F.rankenburger introduced a convenient termi
nology for theiic precipitates. When prepared with adsorbed 
silver ion, the silver bromide is spoken of as the silver body; with 
adsorbed bromide, as the bromide body; with .OH- , as the hy
droxide body; and so on. T he silver body and the bromide body 
hn.ve elect ric charges of opposit.e sign, so that they precipitate 
one anot her from colloida l su~pension; and they d iffer chemi
cally in all reactions in whieh surface phenomena arc concerned. 
I n particula r, silver halide with adsorbed silver is insta ntly 
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reduced to metalli c silver by a developing solution and is a lso 
very mpidly di~coloreJ. by t he action of ligh t. Jt is, therefore, 
used fo r the prepa ration of photogm phic materials on which a 
visible ima~c is printed by continued exposure without develop
ment, as in the case of t he p rinting-out papers coated with an 
emulsion containing; silver chloritle and sil ver citrate. On the 
other hand, silver chloride anJ bromide e mulsions intended for 
development are :dwa y.s made by the :.H.lJition of silver nitrate 
to a solu tion in which the free halide is kept in excess. 

PRECIPITATION I N GELATI N SOLUTION 

The precipitation conditions in emulsion-making arc compli
cated by t he presence of gelatin. Gelatin is perhaps the best 
protective colloid known. Its structure in solution is such that 
it prevents t he formation of solid particles until a n enormous 
degree of supersaturation has been reached. Furthermore, it 
pmtect,.._ t.he particles from floccu lation or fusion with one another 
after they are formed. Its effect on the precipitation of sil ver 
bromide is very ma rked . Ordina rily, potassium bromide and 
sil ver nitrate in one hund redth normal solution yield a cloudiness 
immedia tely on mixi ng. I n the presence of gelatin, even tenth 
normal solutions give a. clear yellow colloidal suspension of sil ver 
bromide, whic h remains transparen t for ~ome t ime. 

T he photographic emulsion requ ires comparatively concen
trated solutions of t he reactants, and these produce the light
sensitive cryl; lalline gmins in two d istinct :-;tages : After mixing, 
there is great supersatunttio n, followed by the generation of an 
immense number of nuclei and the growth of t hese until super
saturation ceases. This is the first stage. T he second, al ready 
mentioned (p. 5) as ripening, involves clumping and fusion 
nnd :1l so t he solut ion of the smaller part icles and redeposition 
on the brger. Ultimately, well-defined crystals nre produced 
which are vi:;ihle under the microscope. Finally, these gra ins 
undergo coale.-;eence and recrystall ization. T he existence of 
these three ~tages in the precipitation of ~:; il ver bromide is eon
firmed by the work of Tri vclli and Sheppard,3 Sheppard and 
Lambert,9 ·~1' and Cl1ibisoiTY' 

The processes of inception a nd growth have been studied by 
T :.unmann 11 on melts and by von \Veimam 12 on solutions and 
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have been shown to depend on such factors as viscosity, pres:sure 
on the medium, and the concentration of the reactants, as well 
as the solubility and latent heat of crystallization of the insoluble 
substance. The initial separation of the nuclei can be expresiied 
by the general formula: 

lV = R condensation pressure . ?_ = !?. 9....=._§ 
condensation resistance S S 

where TV = vclocit,y of eollllcns:ltion, 
Q = total a\·ailable molecules in solu tion, 
R = a eonstant, 

and S = normal solubi lity of large particles of preeipitate. 

Thus, the solubili ty of the just-sepa rating nuclei at any moment 
is equal to the degree of supersaturation at that moment or 
equal to Q- S; P /S is the specific supersaturation. Actually, 
however, the ideal case does not occur; that is to say, the first 
period of crystallization by no means repre;;en ts a simple vec
torial condensation of molecules or ions but is in a large measure 
complicated by a series of other processes (dis:soc:iation und asso
ciation, solvation and dcsolvation, etc.). In the expression for 
the velocity, therefore, the coefficient 1l stands for ~orne variable 
factor embodying all secondary reactions whit'h aceompany the 
main process of fo rmation of the crystalline lattice in the shape 
of separate hyper-u!trmnicroseopic particles. 

In the case of interest here, the formation of the solid phase 
occurs, as already men tioned, as a resu lt of the react ion of double 
exchange; ions of silver and of halide take part in t he process of 
condensation. But most ions arc in a hydrated state in the 
case of aqueous solutions, holding and orienting t.he water mole
cules which appear a.s dipoles su rrounding the ions. H ence, for 
the ion to pa.ss int.o the crystalline lattice of the nucleus of con
densation, the energy of dehydration must be suppl ied. The 
energy necessary for this is derived from the attraction forces 
arising between oppositely charged ions and constituting ulti
mately the so-eallcd lattice energy , U0 , £.c., the heat released , 
while N (Avogadro' s number) poi:l itive and negative free gaseous 
ions combine into a gram molecule of the corresponding crystal
line assemblage. The balance of t he lattice energy a nd the heat 
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of hydmtion gives, accordin~ to Fajans, the heat of solution: 

Us= U/l - Uo. 

Thus, from considerations of cncr~y, a given ehemical compound 
is the less :,;olu ble , and, therefore, the velocity of its condensation 
is the greater, the stronger the forces of electrochemical affinity 
between oppositely charged ions in comparison with the hydra
tion forces, i .e., the greater the lattice energy compared with the 
heat of hydration. The values, in ca lories, of the said magni
tudes for silver halide sa lts arc as follows : 

Sil1·er SibH Sib·a 
Chlori,Je Uro mide I odide 

20S 203 107 
L":J liO 

- ](\ - 20 -27 

1f for si lver the heat of hydrat.io n is assumed to be Uu = 105 
calories, its values for the ions C'l', Dr', and I' arc 87, 78, and G5, 
respectively. Thus, much energy is obtained if the ions are 
packed in regula r order to form a crystal, but. only a little is 
obtained a.s heat of precipitation because a considerable amount 
of this energy is used up in dehydrating the ions. A discust-iion 
of t.hc formation of the solid phase, starting \vith the condensa
t ion of nuelei from the supersaturated solution or during the 
reaction of double exchange, leads to the conclusions: 

1. If the superf'at.uration of the solut ion is constant and the 
t ime of observation is suffi ciently long, the sizes of individual 
erystals will be inversely proportional to t he rate of condensation 
into nuclei; in other words, with increasing specific supersa.t.ura
t.ion, systems with increasing store of surface energy are obtained. 

2. At a certain mean supcrsatumtio n, or in the case of double 
exchange reaction, with increasing initial concentration of the 
reacting substances, t he degree of dispersity of the liberated 
solid phase passes through a minimum, the precipitate approach
ing then its crystalline state. At lower a nd higher concentra
tions, a tendency to form sols and gels, respectively, is observed. 
Accord ing to von \Vei mam, the precipitated solid phase is ob
tained in a highly dispersed state under the following conditions: 
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(a) The dispersion medium ha.;.; a ncgligihly small solvent 
action on the solid phase which i~ being formed; 

(b) The solid phase i:s formed very mpid!y; 
(c) The corwcntn\tion of reacting sub~tancc:; in solution is 

kept within defiuil..c limits. 

The practical meaning of these rules is: that the less soluble 
the substance, t he finer the precipitate; and that, with very 
insoluble substances, the particles can be made to grow only by 
renewing the generating agents. Growth may then occur on 
cryst .. a.ls alrendy laid down instead of commencing around fresh 
nuclei. 

RTPRNING 

That one part iele may grow at t he expense of another is well 
known. Jn the f'~'itimat.ion of cnJcium as oxalate, for instance, 
the precipiLate which is formed on the addition o£ ammonium 
oxalate and nmmonia to the calcium solution is usually left to 
settle over night. This is not done only to obtain a clear, super
natant liquid, which must inevitably be di:'>turhed on filtering, 
but to allow the cry.\ltals to coarsen for retention by the filter 
paper. If a gelatino-bromide emulsion is ripe-ned, the same 
increase in crystal or grain ):;ize takes place. As these increases 
may occur long after the addit ion of reagents, the only source 
for the growth of the larger particles is the f'olution and ult imate 
disappearance of the smaller. Examinat ion under the micro
scope shows th:\t this is what hnppcns. As the la rger crys tals 
grow, the smaller ones disappenr. The underlying physicnJ 
reason is not hard Lo sec, though the exact mathemalic:1.l :1.n:dysis 
of the change requires more study. Solid matter in bulk is held 
together by the forces of cohesion, ultimately, t.hcrcforc, by the 
fore(~S between ion and ion in the space la.tt..ice. If a solid 
is reduced to powder, not only will frictioual work be performed, 
which is dissipated in hc:1.t, hut ener~y will be spent in tearing 
apart t he lattice. The grcn.tcr the subdivision, the ~rea.ter the 
energ;y absorbed. This energy is potentia.\ and is s t.ored at 
the broken surface whose ntoms nrc on ly part ly surrounded by 
comperr&'lling valence mom bcr.s. If ::1.1\ the pa rticles of the 
powder could he hrought close enough,* they would ad here n.nd 

• 1\'or m,.lly. t hi~ i~ pn•n•ulo~l loy lihn~ of I(~~ nnd layNl< of o~irlrton the ~urfnr(l!l. l'l :oti· 
num rmd fre~~hly cut ruhller surfnC<!sn.dhcro i.>OOnu~~e thcydonot su!Tcrthi~ooolt.;omi u:o tion. 
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liberate the stu·fnee energy as !teat.. If, therefore , t.he powdered 
suh!:!tance is placed in contact with a liquid which c:Hl dissolve 
i~, even though slightly, t he liquid also being in contncL with 
the subst.anee in bu lk, tim powder will dissolve and deposit on 
the compact portion because, in so doing, an exothermic change 
and a. liberation of energy wi!\ be involved. The process is 
generally spoken of as Ostwald because Ostwnld,13 in his 
investigations on t he stable metastable forms of mercuric 
oxide and iodide, was the first to :-;how its signific:tnce. 

The genera.! principles of t he rceiproeal growth and shrinkage 
of particles, particularly of droplets of liquid suspended in satu
rated vapor, have been stated by Helmholtz/~ Hulett/~ .Joncs/ 6 

Part,iugton,11 and Valcton; 24 and summarized by Ncrns t,18 and 
Trivclli and Sheppa.rd.3 

The growth of ct ct·ystal is dependent on the supply of material 
at its bound:uies. In mobile solution.", t he removal of solute 
by deposition renders t he liquid lighter aud generates convection 
cmrcnts past t he faecs, t he eun·rmts being swiftest where the 
growth is most rapid. T he crystal is enabled to exp~uul un
hampered in e:wh d ireet.ion at rates proport ional to the affinity 
for ions a t t he corresponding faces. The first effect of increasing 
the viscosity of the medium is to repress the convect ion currents 
and restrict t he supply of food. This affects t he quick-growing 
fnces pi·oportionnlly more than t he slow ones, because t hey are 
dependent for increase on ionic bombardment, which is pre
sumably constant for unit. nn~n in cspcct.ivc of the fcwe. T he 
!lOI'Inal sh~1pc of the crystal should give pl:'tcc to one mo•·c f:phcri
eul in coutom·, an aRsumption which is verified experimentally. 

Oceasionnlly, increase in v isco:;ity produces t,hc opposite effect. 
There are some inHtances where a cryRt.al has been fed very 
slowly, so t hat t here is at. all times a lin·titcd amount of build ing 
m~1tcrial; yet t he fi nal shape, im;tead of being uearly spherical , 
has become intricately pa.tterne(L Thi:'; eondil.ion is realized 
when a moist s ilver halide emulsion (coated on :t support) is 
fumed wilh :unmonJa.. The grains dissolve exceedingly slowly 
in t he dilute a mmouia solution and redeposit as pnrts of a la rge 
master crys tal (F i,!!;ure R) . This crystal i.s rarely homogeneous 
bu t contains m:wy empty spaces, as though it were the mere 
skeleton of t he dcsircO form. 
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The forces operating in crystal growth are of two broad kinds : 
the tendency to accumulate and the tendency to arrange. 
Wherever accumulation is entirely unhampered, the ions can 
come together in a crowd and produce an aggregate of small, 
hastily formed crystals. Where the supply is slow enough tO 
feed each crystal face at its own particular rate, then one perfect 
crystal resul ts, of shape characteristic of the compound, for, 
although the supply is equally plentiful at each face, not every 

Fw. 8. Photomicrograph of silver bromide aggregate recrystallized by 
ammonia fuming, about Xl5. 

ion is attached at the first collision. The more quickly growing 
faces retain a greater proportion of t he ions, and the differing 
rates of growth at the surfaces arc an expression of the varying 
likelihood of an ion remaining in position after collision. A 
spherical crystal results if the supply rate is exceedingly slow, 
control being exerted by the extreme insolubility of the sub
stance in the solu t ion under consideration, so that the latter is 
always slight ly supersaturated. Every ion hitting every face is 
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retained; but since there is (by definition) no evaporation, each 
ion must s la.y where it arrives. 

Only H Lhe supply of materirr.\ is small bu t the solution less 
thnn satura ted, as in the ammonia fuming refened to, can the 
arranging forces outplay the accumulative, for he1·e ions de
po~ited. at positions not ideal for crystal habit can be rc-cvapo
raled before they are covered by new arrivals and can redeposit 
in more f::tvorable regions. This transporta.l.ion does not of 
necessity tnkc place through the solution hut may occur by 
mea ns of a monomolecula r ad~;orption layer which moves rapidly 
along: the crystnl surfaces. Evidence for the existence of these 
adsorption b yers on solid surfaces was given by VohnerY 
Since they tend to cva pomte most quickly from the least ac
quisit ive faces and deposit on their more greedy neighbors, a 
C!'ystal of many bmnchcs n,nd hollow interspa.ces result-s. The 
tips of the branches are the fast-growing faces, and the sides, 
the slow-growing. 

The limit.a.tion of food supply and, thus, of crystal growth in 
t he presence of d issolved gel:\ t in never, of course, lakes the path 
peculiar to the ammonia-fuming conditions. The grains merely 
become more regul:u. If an attempt is made to replace warm 
gelatin ~olut.ion by another colloid of equal viscosity, it will be 
found that the precipitate of silver halide is not modified to the 
same exf.ent . Gelatin exerts an especial power as a protect ive 
colloid, fo r it can t.oktlly inhibit crystallizat ion as well as merely 
supprcs.<s growth. I t is shown htter that gelatin, even in dilute 
solution, has probably a fibrillar s tructure. A preeipitate must , 
therefore, not only obtain sufficient materia l to grow; it must 
orient it.sclf a.nd its additions 111-!:ttinst the walls of the strudure, 
while trnnsportation through an adsorbed layer is blocked by the 
adsorbed gelatin. An obvious deduction, and one substantiated 
by experiment, is t.hat regular cryRtalline precipitates can be 
obtained only when the gelatin solutions arc stirred. The struc
ture is mechanically broken (and probably instantly mended), 
and the crystals arc nourished by forced convection currents. 
Trivelli and Sheppard 3 give a graph, reproduced in F igure 9, 
showing the effect of increasing gelatin concentration on the 
d ispcrsit,y and grain size of silver bromide precipitntcs. l n the 
pmticubr conditions which exist du ring emulsion-making, the 
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gela tin gives uniformity of growth to the grains instead of en
coumg;ing the la rge dendritic forms. 

The work of pt·ecipitn.tion of the solid plwse on the faces of a 
growing cry.::; t<tl is expressed hy the volurue of t.he ~olid substance 
which is being precipitated from the .::;olution per unit t ime on 
each face, umJ this volume is evidently proportional to the sur
face energy of a face. If F is the area of a f:tcc, 1' the volume 
of the substance precipita ted per unit time, and K the capilla ry 
constant, the relationship is V = q ·l\Ji', where q is a propor-

GR A I N S Q I Z 3 'I 

CQNCICNTRATICN 01' POTA~SIUI.I BIICM I Of: AND 

}~JG. 9. Curves showing: the depcndrnrc of ~t:rain size of the precipitate on 
the concentration during precipitation. 

tionality coefficient . Therefore, v = V / F = qK, that is to say, 
the thickness 1' /F of the ln.ycr depo.-;it.ed on the face per unit 
t ime, which expresses the velocity of growth v of the face, is 
proportional to the eapillnt·y eon.-;t ant of the given fuce. Ex
periments on the I'Cg:cncration of crystals which grew irregularly 
or were deformed by heating the mother solut ion show (1) that 
the velocities of growth of different faces of 11 crystal ure unequal 
a nd (2) that the face of greates t velocity of growth surrounded 
by other slowly growing ones lends to be excluded from the 
contour of the crystal. Thus, in growing crystals, t he faces of 
slow growth are developed most, i .e. , those upon which a smaller 
amount of subst.:tnce is being deposited per unit time. Rapidly 
growing faces m:ty in time completely di:=;uppear from the crys
t:l.lline polyhedron, being converted into edges or solid angles 
which indica te the directions of most rapid growth. The differ-
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ence in rate of growth of the crysta l faces is obviously due to the 
diffcrell(:e in their capillary constants. On the other hand, since 
during the growth of a cry:otal the faces of larj.\"e capillary con
:-;tant, i.e., of great surface cnerg_y, disappear from its contour, 
it may be eoneludcd that the mot>t sLahle form of the crystal 
will be that to which corresponds n contour consisting of faces 
of minimal values of ,-.:urfal'e energy. The form of crysta l which, 
under given COI~dit.ions, is the most stable is called the equilib
rium-form, i.e., that which during the whole time of growth of 
the CI"J'St.nl remains similar to itself. This form may be different 
necording to the conditions of crystallization (f'.uch as the super
sat.umtion of the solution, impurities, etc .). lf, for example, t he 
growing crystal is plaeed in a solu tion of a different degree of 
supersaturation , it.s original form will be changed owing to the 
rctflrdation of growth of some fa.ces and the acceleration of 
grO\vth of others. 

C:ibh~:;, Curie, and Wulff 20 sta.te that the most stable form is 
that. to which, for a given volume of the erystal, the smallest 
:-;urfaee energy eorrespondR. Thus, the growth of a crystal in 
the mother solu t ion is n .. ..:sot:iat.ed with a. change of its surface 
energy; and, for :1 given specific rlistribnt.ion of capillary con
stants among the several faces, the growth of a erystal follows 
that form for which its total surface energy will be a minimum. 
This ~4atcmcnt is known n:-:; the Gibhs-Curic-WuljJ principle of 
minimal surface energy. It can be expressed by the equation 

E = Kt·F\ + K~·F~ + K~·F~ + · · + K ., ·Pn, 

where F 1 , F 2 , F 3, • • • Fn arc the areas of the faces of the crystal, 

to which correspond the const.a.nts 1\lJ K z, K .1, · · · Kn, 
while the total surface energy, for a given volume, V, of the 
crystal has to be a minimum. 

The crystals observed in the photographic emulsion generally 
belong to the octahedral class of the regu lar system, although 
cubic forms are found. 21 The particular subclass is the dya.kis
dodecahedra.l, concluded to be so from the sturly of ~rO\vth rate 
a t the different faces. The actua l sha.pc of the cryst.a.l ean vary 
enormously, depending upon whether growth takes place equally 
in three dimensions or is restricted to two or even one dimension. 
The first gives prismatic grains which appcflr dark under the 
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microscope; the second, plates; and the third, needles. All the 
variations may be considered derived from a regular octahedron 
by differential growth or extension of the faces. Let a regular 
octahedron rest on paper; then, tho shadow in par[tllcl projection 
of the internal area, bounded by traces of all its edl-\:es is a regular 
hexagon, as in Figure 10, and the eight facets arc discernible 

Fw. 10. Diagram of the 
projection of a re).(ular oeta
he(lron 11howing the genera
t ion of a regular hexagon. 

v ' 
' 

FrG. 11. IJiagmm of the 
).(enemtion of an equiangular, 
scalene hex:t).(Oil. 

FIG . 12. Diag-nun 
of the generation 
of a nccdle-slmpcd 
cry~tul. 

after a little study . Thus BDF is one face; and BCD, another. 
lf the rate of growth of all the faces is the same, the crystal 
increases in size but remains a regular octahedron. If, however, 
a pair of opposite faces, such as BDI" and ACE, have one rate 
of growth, which is less than that of the other three pairs, a 
plate in the shape of a regu lar hexagon is formed. If, in addi
tion, the three faces ABF, BCD, and DEF have a rate of 
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growth different from that of their opposites, CDE, AEF, and 
ABC, the shape is that of an equiangular hexagon having alter
nate sides short and long. In the limiting case, a triangular 
contour results (Figure 11). 

The point is that the areas of the faces in the fully developed 
crystal are inversely proportional to their rates of growth. 
Those faees which acqu ire material most quickly progress out
wards, stretehillg and enlarging neighboring faces, while they 
themselves keep smalL A needle is produced when growth is 
suppressed at all but the two basal surfaces. T hese v;ro\v in 
opposite rlircttions, produring a long crystal which is reinforeed 
with but little side expansion (Figure 12) . l\'lore complicated 
needle growths a re known. 

It has been assumed that the development of erystal faces is 
dependent on their power of aecumulation relative to that of 
their neighbors; but this law, enunciated by Lehmann,22 does 
not, hold good for the grmvth of certain forms, notably for octa
hedral pla.tcs with iko.sitetrahcdral and dyaki.sdodecahedml 
~:; kelelons . This is hecau,:;;e .secondary reactions eome into play. 
It is known from X-ray photographs that common salt, NaCI, 
has the same lattice structure as si lver chloride, AgCI; 23 yet 
when salt is crystallized from plain water, cube-shaped crystals 
form. This is in contrast to silver chloride, w!iieh oecurs in an 
emulsion in octahedra. For a crystal to exhibit large cubic 
faces, growt.h must take place at the octahcdml faces, since it is 
the faces whieh grmv leaHt that arc extended sideways and that 
generate the larf,!;ei"t areas. The quick-growing octahedral face 
is that Oil which all the external ions arc of one sign, in this case, 
either Ag or Cl. It is, therefore, strongly charged positi vely or 
negatively. 8uch a surface exerts a powerful a ttraction on all 
ion~:; of opposite sign, that is, on one half of those in solution. 
The cubic face, wi th its alternate structure, offers an equal 50 
per cent chance of attachment to a bombarding ion; bu t, be
cause of the alternations, the sphere of attraction diminishes 
very rapidly with the distance from the surface. I t is slow
growing, therefore, and the face which persists in the normal 
crystals of common salt. 

Valct.on 21 showed that if much urea is placed in the salt solu
tion, the sodium chloride separates as octahedra in the same 



28 THE THEORY O F THE PHOTOGRAPHIC PROCESS 

manner :.ls the cmuh;ion grain:-; in :.unmoni:tc·al ripening. Thi~ i!i 
attribuLcd to the :ttborption of the strongly polar 1\H 1 group~ 

/NH~ 
of the urea, CO""-NH

2
, to the octahedral f:wcs, lc:.wing the cubic 

faces free to grow. Sheppard sugge:;i.-; that Lhe customary am
monia and exce~ Kllr would pla.r a :-;imibu· part in emulsion
ripening by forming complexes of the type 

which arc adsorbed to the octahedra l faces. Further, gelatin con
taining - NH- ami - 1\H 2 groupings mn.y play :.l similar role. 

It has been pointed out by .Jelley* thnt in cou:o;equence of the 
symmetry of the faee-centered lattice of silvcl' chloride a nd silver 
bromide, all the oct:ll10drnl face~ ~hould ha ve t he same c:.tpillary 
constant, a nd t.i le Gibbs-Curic-\VulfT cqua.tion bccom(~S 

which is a minimum when /•\ = F 2 = = /?8 ; that is to say, 
when the crystal is a regular octahedron. That the individual 
octnhcdral face . ..; differ ~o m:ukedly in rate of growth, even on 
very sma ll cr·ystals, indicates tha t l.he growing faces have a 
polarity not pot;sessed by the cry:-; tal as a whole. t;ubstances 
present in the t-;olut ion in which the crystals arc growing should 
likewise be :llborbcd equally on all the octn.hcdml fn.ccs. Jelley 
has prepnrcd colO!' photomierogr·a.phs of the r·cflcction inter
ference colon; of l'iil vcr bromide cryl'itaiR, whil'h :::how clearly that 
the opposite faces n,rc not always p:1 rallcl to each other but may 
be inclined by as much as 4°. This indicates t ha t the rate of 
growth of a single face may vary from point to point. 

I n addition to the normal growth of the grains during pre
cipitation and the Ostwald ripening, which occurs when the 
emulsion is diges ted in the presence of a solvent for silver bro
mide, there is po .... siblc a further modifieatinn of the grains by 
recrystallization anti coalescence. 

The proce!SS may he illu.stratcd by the diagmms shown in 
F igure 13, tnkcn from the p:tper by Sheppard a nd Lambert:1b 

• E . 1~. Jelley, pri''!tte eommunicutiou. 
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In Ostwnld ripening, each particle i;.; surrounded by an electro
static double layer which consists of imperfectly oriented ions 
of the solid and ions of the solu bilizing potassium bromide. 
These ions are more or less hydrated as they are more or less 
oriented. The electric moment of the hydrated ion depends 
upon the number of water dipoles surrounding the ion in a pre
sumably monomolecular sheath. It is th is moment that attracts 
and fixes the ion in the crystal la.ttice, thereby determining 
growth. 

/0,,------,,\ 
(\ ) 
\ __ _____ // 

FIG. 13. Diagram of the proccHSCH of ripen in~;, coalc.occn cc, 
and recrystallization. 

During; Ostwald ripening;, there is in prineiple a tram;fcr of 
water from the growing; g;rain to the dissolving grnin, so t.h a.t 
they are kept apart by the. neutral atmosphere thus created; 
a nd very few collisions result in eoa lescence. If, however, the 
double layers become similar in chnmcter with respect to the 
hydration of the ions, as they do as the process continues, 
coalescence will occur much as for two similar liquid globules ; 
and the double layer of each grain is ruptured to form one layer 
ahout both grains. Finally, molecular orientation sets in since 
the double layer docs not h inder such a. procc~s; and there is a 
tendency to decrease t he surface, thus giving a single large 
crystal. 

The general law of growth fo r t.he grains from the data of 
Sheppard and Lamhert has the form - dn/n = kdt, where n is 
the number of grains in a given class in time land k is a constant 
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dependent on t he concentmtion of l';olublc bromide. It can be 
s hown tha.t n i.-; related to other pa rameters of the grains, such 
ns their projective Mca and mtlius, from which the size-frcqucuey 
relations arc derived. 

l\HXTURRS OF SILVEH HALIDES 

The presence of foreign Ol' complex ions is not the only extra 
factor niTeding grO\vth and crystal ha.bit. The use of mixed 
halide.•.; can produce a. similar result. Silver bromide and chlo
ride are i..;.;omOI'phous, hoth crystallizing under photographic 
conditions in octahedral forms of the cubic system. Since the 
hromide ion)'; have a larger volume tha.n t he chloride, the lattice 
of silver bromiJe is larger than that of the chloride. In mixed 
<:ryst.aJs, the chloride lattice i.s strained a.nd enla rged in propor
tion to the bromide conteut, hut there is little tendency to alter 
the external shape. Silver iodide, however, exi.<sts in two allo
tropic form:.;, both of which differ from t.he erystal!i of bromide 
and <:hloride. One allotrope belong::.; to the hexaA"onal r;yslcm, 
with the ions arranged in a hexagmwl lattice, while the other 
bclonA"S to the cubic system, a.s the bromide a nd chloride do. 
However, the lattice structures differ in an important respect, 
because, whereas the sets of silver and bromide or chloride ions 
can be considered as norm:d interpenetrating face-cenlered cubes, 
the silver and iodide ions arc arranged in sluggered face-centered 
cubes. Crystallizing silver bromide with silver iodiJe, t here
fore, involves a struggle on the part of the iodide not only to 
enlnrge the lattice but actually to alter its form. 

T o obt:tin emulsions of high sensitivity a nd freedom from fo~, 
a proport ion ranging from 1 per cent to 5 per cent of silver iodide 
is used in t he sil ver bromide. 'Vilscy 2f> showed that t his cryst.al
lizcs a.<; a. solid solution with the bromide and enlarges the lattice 
without altering its structme. If, however, the amount of iodide 
is increased, not only is the l:ltticc further enlarged, but, at a 
concentration bet\veen 15 per cent and 40 per cent of silver 
iodide, a new crystalline phase having one or both of the iodide 
htt ice structures appears. It is not possible a.t present, accord
ing to Wilsey, t.o determine by X-ra,r analysis exac:tly where the 
change occurs. However, from the study of other propert ies of 
the iodo-bromide emulsion, a very fa ir guess can be made. 
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A sil \'er bromide emulsion is cream-colored; an iodide, u pale 
yel low. Inclusion of a lit.Uc iodide in the bromide does not alter 
the c:olor p roportionally in the direction of the yellow but dis
colors it to a deeper t in t, amounting almost to orange with 30 
,:er cent iodide. Further add ition again lighl.ens the color. 
Huse and :Meulendyke ~6 prepared and examined photographic 
emulsions containing bromide coprecipi t.ated with varying quan
tities of iodide. Inclusion of the smallest quantity extended the 
sensitivi t,y to light from the violet into the blue by an amou nt 
corresponding to the extension in optica l absorption, i.e., to the 
yellowing induced in the emulsion. The extension is proJ];ressive 
up to about 30 per cent, and then at 32 per cent a completely 
new spectral distribution of sensitivity appears and becomes 
more and more defined as the 100 per cent pure iodide region is 
approached. 

Renwick 27 and his co-workers give result s of experiments in 
whid1 they found that homogeneity of the fu lly developed crys
tals within the emulsions which they made was not afTected hy 
the manner of addition of the iodide. Since silver iodide is t he 
least soluble halide, iL docs not seem likely thaL it would dissolve 
and become incorporated with silver bromide precipitated later. 
Renwick obtained, however, identica l emulsions wheLhcr he u.sed 
preformed sil ver iodide or merely soluble polassium iodide. 
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CHAPTER II 

THE SIZES O F THE SILV ER HALIDE G RAINS 

The sizes of the crystalline grains of photographic emulsions 
vary throug-h a wide range. Lippmann 1 made extremely fine
grained emulsions by mixing together quickly, and at as low a 
temperature as possible (about 35° C.), solutions of silver nit rate 
and potas.'lium bromide, to each of which ha lf the necessary 
gelatin had been added. These emulo;ions, still known by his 
name, arc transparent when first mixed, the precipitated par
ticles being submicroscopic in size. If they are allov,·cd to stand 
(at 35° to 40° C.), they become opa.]csccnt and, finally, opuque; 
but even then the particles are not visible in the field of the 

v - -, • • • • 
• • • ... . . 

I • • • • • • . ,. . . • • r • • . .. 
• . • . •• •• • • • . ... •• • tl' • • • • • I . . 

• • I • • . • • • • • • • • • • . • .'*' " Fia . 14. Silver bromide !!; rain s of a Lippmann emulsion , photogmphctl by 
the elet.: t ron microscope. X 50,000. 

microscope. When photographed by means of the electron 
microscope (Figure 14), they appear similar to the grains of 

34 "--' 
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by a. dashed curve; that for the half-size classes, by circular 
~ ~oiuts connected by the solid line. 

Trivclli introduced the method of measuring by special rules 
which at once distribute the different grain sizes, regarded as 
circles, int-o the several classes. The number of grains per cubic 

FlO. 17. Photomicrograph of silver halide grains from a 
photograpl•ic emubion. X 10,000. 

~ unit of emulsion was determined by counting the grains per 
""{: ~quMe unit surface of quantitatively controlled coatings which 

_, . 1.o.;, conUtincJ only one layer of grains. The inherent errors in the 
11ethod arc not great if from two to three thousand grains in an 
emulsion arc measured. 
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R. P. Loveland improved the methods to obtu.in higher aecu
m c:y, which tmables :size-fr·equency curves to be obtu.ined with 
a sm:dler number of grains and :shortens the ti me required to 
produce such curves. .Lovelnnd's technique represent.::; t.he latest 
phase iu the determination of size-frequency curves a.nd will be 
described fully . i\ s Figure 15 shows, Uw grains have different 
sha.pe~. In t he majority of eases, t he ima.gcs of the grains are 
eircles,* t riangles, or hexagons. Rectangular grain.s occur rarely. 

F IG. 18. Size-frequency curve ~ltowiu)l; the effect of doubling 
tl1fl number of ch s,;c,;, 

Loveland, therefore, used differen t rules for t he va rious sha.pes 
of gra ius, whieh :tre reproduced in F igure l !J. These rules am 
ealeulat.cd from the following formulns. lf A is t he projective 
:uea of the grain and d is the diameter of t he circular grains, 

2_,./Jf .-:-
d = ~ = 1.12838VA. 

If h~ is the altitude of the equilatcmlt riangle, 

h& = {1;~ .. /A = 1.31G07,1 .. f. 
0 T h<'M ~·o ··hi<'Oy n .... ~n.a i\N ~-:rain~. their !llJJJILri'IOt ~hliJ)Q IJCillj( <.lue l~orgdy t o the 

failure uf t he optical rcaolving pow~r. 



I l ll l/1 1 1 11 1 111 l 1111: 11 11 l111111 11 1 l1111 1 111 1 l 111111111lmll1.~~ 
0 I l 5 10 20 10 .0 50 6010110110100 

a, rule fur the m easurement of ci!'CiJl:tr grains. X2. 

20 XI 110 !;0 6010 110 90 1001 101201301'101!10 

b, rule for UJC measurement of trbngubr ~r:tins. X2. 

0 I S 5 10 20 XI '10 50 110 m 10 110100 1101201Xli'IC ISO 

c, rule for t loc mca;;urcmcnt of hexagonal grains. X2. 

FIG. Hl 
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occur at succes.':lively larger sizes on the scale in t he order named 
above. 

The nde fo r circulnr grains, as shown in F igu re 19a, consisls 
of a num bered scale, t he numbers indicating the upper limit of 
the classes. If, fo r instance, a grain diameter fits between zero 
and a point between 5 and G, the grain belongs in Class G. If 
the diameter fits between zero and a point between 4 and 5, the 
grain belongs in Clas.s 5. Usua lly , two diameters of t he grain 
at right angles to each other are read, and an average of these 
two readings is taken fo r the class size. 

For the measmement of triangular grains, t he rule (Figure 
19b) is placed over t he gmin so that the two sides of the trianjl;lc 
fit along two sides of t he grain . The third side can then be 
measured by the scale in the same way as with the drcu lar rule. 
The th ree corners of most of the t riangles are truncated. l n 
that case, the altitu<.le of t he missing part must also be read. 
The rule is then shifted, so that the apex is at another mi:.;.-; ing 
section. Again, both ult itudes are read, a nd so on. The anr
age of t he readings of the th ree ultitudes minus t he total of the 
t hree missing portions gives the class size of t he grains. 

Hcxa.a;ons are measured in three different directions (Figure 
19c) , and the average of the three altitudes is used. After the 
grains are classified, the total of t hose in each class is counted. 

The determination of the size-frequency distribution of t.he 
par ticles of a specifi c emulsion is described here as an example 
of the method used in the l<odak R esearch Laboratories. A 
typical data, sheet is shown as T able IlL In th is case, 10\Hi 
grains were mensm·cd and classified. The number of ~rain s 

actually mcasmed as belonging to the firs t class is 222. Here :L 

fu ndamental difficu lty in the microscopic method is encountered. 
The actual distribution of particle size probably exte11ds t.o 
molecu lar size, which can be considered to be zero size with the 
uni ts in usc. However, no particles below microscopic resol u
tion arc included in those measured. The fraction of the true 
total number and t he fraction of the size-distribution curve 
obscured in th is way may vary from a ne~ligi b le proport ion to 
the major portion in different cases. The number of grains 
aetually in t.!te first cl:lss size, i.e., all those present in the sample 
whose projective area is below 0.1 squ:ue micron, is estimated 
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by exLrapolation of Lhe curve Lhrough the points plotted on 
Joublo lognrithmie pape r* (Figure 20) . This method is used 
because the apparent distribution is considerably simplified on 
such graph paper, particularly by the disappearance of an inftee-

!~'"_---------------------------------, 

>CO 

100 -
BO 
so 
'0 00 
50 

ME.<>.N CLI>.SS S IZE IN jJ2 

FIG. 20. Sizc-frcqucm:y (mrvc plottr(l on double-logarit hm ic paper. 

t ion point and, as tliscussed below, f'.omo criteria of its correct 
shape ha ve been discovered. In pradiee, the curve is extended 

* In plo(. l.ing !.Ito d.'l.i.a. on a.ny l(ra.ph , '""~onni. "honlrl he t aken of the lm·t that tho 
numher in the fir• t ria.•~ aR di rer·tly obtai ned (2~~ in t.bi" ra..'le) r<!prcsonts only tlw numl,.-, r 
who"" "i~e'! rallgC frot n tho lower limit of re!Kllu t.io n (O.O::l I'') W the UP!"'" limit of t he fio·"t 
cb.'!l! (0. 10 ,.., ) a nd, henre, makes this d!tM uH iqucly uarruwcr t.han I he othcrt! . The ob-

served fr<'quencyul 222 mus t 00 mu ltiplied by t he iactor 8:.~.~;~~;;lr~,~~"";:·~~~~h = ~ - ~ · 
The rc~ult, 279, i" tho numhcr plo(te<l nllhc mid-poin t of the n"rromnlCWI<s l, i.e., at tho 
~· n\ uc x - 0 .00 ,..,_ Thi~ i~" J•Urcly graphical eurrL"Ctiun aud ~louuld not be used in cum
J>Utationll. 
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from x = 0.06 to x = 0.05; this extrapolation is prefemhle to the 
neglect of the error. ]\'[oreover, it furubhes a better es t.imo.tc of 
the t rue tot:ll number of grfl in_., in !.he whole dist.rihul ion. T hi-", 
t.hen, is the first s tep in t.hc reduction of the thta. lu t.his ca~c, 

the estimated number of grainl:i in Cla:,;:,; 1 is 240 (see T :Lble HI) . 

TAULE III 

Fr~'l· 
Ck188 ol»;crrrd ~!I• X 1!Jo 

" =' l 0.00 222 
fur gra ph I 0 .06 279 
cxtrap. 0.05 ~10 2l[i.·HO 21!"o.·HO !0.772 o .r.39 

2 0.15 2S9 2!i9.42.'i 47-[.)::;(j.'i :t_-:_!)H [o$37 
3 0 .2:. 192 172.3!'>2 GH.2 17 •13.088 10.772 
4 0 .3!; I ().I 93.357 740.!">7-1- 32.G7:. II A3G 
5 0.'15 88 7~.{)9:, Xl9.r.69 :~.-,_!;18 1."1.!)00 

o.r.:, 59 ;i2.002 .~72/o31 ~U29 W.021 
o.Gr; 42 37.702 9 10.233 24.5o6 ).0.929 
0.7!; 33 2!J.Ei23 9:m.~r>6 22.217 JG.GG3 
O.S5 25 22.4·12 \)(i2 .29S J\}.()76 !U.214 

10 o.o:. IS HUGS 97.«.4r,u l-~3[>() H.r~'\3 

II 1.05 9 s.Oi\J gsr,.r,a;:, S.-IS.1 8 .007 
12 1.15 9 K 07\J ffiH.li14 9 .2\J l 10.f~'<4 

13 1.2.0 3 2.li!.l3 997.307 3.3fir. 1.208 
14 I. a:. I .S!JS !)!JS.ZtJj 1.212 1.637 
15 
16 l.iifi 
17 l.W .R\J8 99\J.103 J .4R2 2.445 
IS 1.7.; .SOS IOOO.Oill 1.572 2.750 

l lJ.I 1000.00 1 200.6Sl l!i4.621 

l u thi" r,t_.[o•, r l•'t-'"""'"~ tl.o prujo-<"li\ 'O nrM <~f t l1c .,.,,;,,.i to ~,,.[, d:.,.. n\ """" d""" •i•~ iu ,.•: 

r,.· ;;,}':~.~~.·to;;~~'!::;~::·~ "~f~'il'~~:;',c~"~1lti:\~~'"'~ ~~:~~t~\';~";"";i~,: 1;~·~ ":~·;:::·~'.';!,i\:i~;;c1~~-~l~'.:a;;,"~ 
di"l"''"iou (J~W). 

T he dab rcsultin~ from the uetual mea1-'uremcnt. may be given 
in the form of a column of fig;urc:; or :~ Heric:-; of indi\'idual points 
that represent the number of grains occurring wit hin the limits 
of t he successive classes of .size (Figure IS) . Then t he problem 
i.-> to determine the most. proLnLie form of the actual distribution 
of the s izes of t he part icles as a smoot h curve for ~L gre~•t number 
of grains and, for purposes of comparison and calculation, 
to express t his distribution by the best possible set of simple 
numbers, such a.-.; the average particle size, X, und the spre~Hl 
or dispet·sion :tround thnt size. All si:r:e-frequency distribution!':! 
are, therefore, put on the same relative basis of a tol-ul num-
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bcr of grains of 1000 hy multiplying by the number fraction 

total nnmi~e~Oin sample. The numbc' of gmins in Class I, us 

c:->timated, is used to determine the total number of grains in 
the sa mple, i.e., 1114 for the example given above. 

The accumulated size-frequency, I.y 0 , is also calculated by 
simple addition. This represents the fraction of the grains 
whose size is below thttt of a given size, X1, and is always plotted 
against the upper limit of the class sizes instead of the mid
point":i sho\vn in column 2. 

The most probable continuous curve through the observed 
points can be determined mathematieally. 1 ~a This is equiva
lent to finding the distribution that would occur if an infinitely 
great number of grains could be measured as a sample. 

1n the early work on size-frequency carried out in connection 
with the study of photography, t he size-frequency distributions 
of the grains of aH photographic emulsions were arbitrarily 
di vided into two groups, aeeording to whether it \vas considered 
that the symmetrical bell-shaped curve of the Laplace-Gaussian 
frequen cy function, 

(1) 

or the extremely skew, L-shaped curve of the simple exponential 
flllteiion, 

(2) 

should be applied to them. In these equations, .1-x represents 
the class width of the size units used in the measurements, which 
j.., normally constant. The method of least squares was used 
in fitting the data. Further in vestigation resulted in the de
velopment of a modemtely skew type of function that has 
s:~emeU to have a close correlation with the properties of the 
particle size distribut ions of photographic emulsions, and in 
every case it fits the data much better than either of the other 
two forms, namely: 

(3) 

In the first instance in which this equation was used, a high 
maximum, 110i predictable by the data, occurred in the curve. 
The grain-size distribution was remeasured, using one half the 
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previous width of class size, with consequent greater accuracy. 
The newly determined curve fiLLed closely that previously deter
mined, including the high maximum.u" A slightly difierent 
form of equation 3 is 

y = A'c-kOogz-a 'l'¥• (4) 

which can be shmvn to be identical '\vith t.he form (3) except 
for val ues of the constants A and a; in fact, Loveland and Trivelli 
showed that the distribution functions (3) and (4) arc special 
cases of the more general form, 

(5) 

where n could be made any positive or negative intcgc~· by a 
mere change of the constants .~1 and a. This unique property 
of the formula means that whether diameters, areas, volumes, 
or weights were measured, the distribution law would be the 
same, only the value of the constants being made different by 
a change of variable t = cxn in each case. 

In a mathemat ical study of botanical distributions, ){apt.eyn 
and van Uven JG a:-;:-;umed that all distributions are normal (accu
rately described by the Laplace-Gaussian function) at first, and 
that the relationship of the final distribution to that of the error 
function is a measure of the growth, which, without some pre
dominating influence, would remain of the same normal form. 
Among other equations for representing the final size-frequency 
curves for their botanical distributions, they mention the form 
(4), which is readily shown to be the normal distribution in 
terms of log x. This distribution indicates, a~cording to their 
t heory, that the distribution is a result of growth proportional 
to the size attained at any given instant. On the ba.o:;is of their 
theory, this distribution '\'..-ould certainly appear reasonable for 
a chemical prccipi tate .1·1a 

The origin of such 1'-ize-frequency curves was explained by 
Sheppard and Trivelli.la It seems to lie in the distribution of 
the velocities of ions and molecules in the reaction solution. 
According to Maxwell, such velocities arc distribu ted according 
to t he normal probability law, whieh also holds for the vclocit.ics 
of the Brownian moveme11t 9f the particles formed first. I t 
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may, therefore, be as . .,urned that, at Jir:;L, the same size distribu
tion exists for the :-;ilver halide partiele:-;. This is determined by 
the probabili ty of eolli!;ions between ions, bct,vcen ions and 
particles, an( l between part.ieles. The particles grow propor
t ional !)' with the number of collisions, whi(•h is proportional to 
their sir-c. Tho result is a skew size-frequ el\(~y curve (p. :~S ) . 

T his nmt.lwnmLienl form was found to expre~s s<t tisfaetol'ily 
the size-frequency eurves of ~L number of emulsions; but, more 
usually, it 'vns found that the dist.rihution curves were composed 
of segmen ts with distinct breaks or discontinuities, each one of 
which had the above form, Such distribution can only be rep
resented by a mathematical series, and a series was applied to 
them with th i~:> same funct ion , 

as t he generating function, T his was done by the statistical 
method of lca:-;t squares, Whi le the results were exeellcnt, the 
t ime and labor consumed were prohibitive, and a faster method 
'va."l :;ougl1 t. 

A gruphic method was found, based on the fact that when a 
smooth curve representing some arbitra ry funct. ion is drawn 
through a series of points on the locus of another function, 
if a mathemat.i(~nl transformation is ma.de, the curve may 110 
longer seem to be a good fit fo r the points. For instance, nfter 
the transformation, the points migh t lie along a straight line 
and the cu rve obviou:,;ly be an arc, or v ice versa. A t rue fit 
would cause the curve to fol low the shnpe of the point;; through 
all tram;format.ions. The simplest method of mak ing such trans
formations is to plot the poinLs of the observed size-frequency 
di.;;t.rihution on the several types of graph paper required and 
draw the curve through each in sueh a. way that they are 
mnhwlly consi;;t.cnt and a good fit in eaeh ease. The work is 
facili tated hy choosing t ransformations that simplify t he shape 
of the size-frequency curve. 

If Lhe partieu lar function discussed ahove is plotted on double
logarithmic paper, i!s graphic representation becomes nn in
vei'ted p:1rahola, whcrca:-; if the norma l fund ion is plotted on 
semilogarithmic paper, it :,; locus becomes a straight line. This 
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last operation can be performed in one simple ::; tep by plotting 
the accumulated frequencies (such a::; column 5 in Table III) on 
~emilogarithmic probability paper. As ;;l,ated above, in only a 
few ca::;c::; arc the size-frequency distributions of the crystals of 
photographic emulsions uccumtely rewesented by a single ::nH·h 
function, i.e., a single parab-
ola or stra ight line; but very 
often they are represented by 
two or more such curves join ... .. 
ing ra ther s lmrply (Figure 21 ). 
Moreover, segment::; fitted hy uo 

a straight line on the semilog:L- i n 

rithmic probability paper mu:;t ~ •o 
give a parabola on the double-
logarithmic paper. In gen- ~ To 

era!, the smaller frequencies in g ~0 
tl1c 11 tail'' of the size-frequency 
curve are best smoothed or 
gr-aduated from t he dou ble-
logarithmic graph, and the 
higher frequencies, from the 

·~ 
' 

straight arithmetic plot (Fig- o.1 o.t 0.3 0.4 o.6 oe •o ,,. to s.o 

ure 22, curve A), except that FIG. 21. Curve of ~~7~~tl~;:~c~~o~ 
the double-logarithmic graph 
is valuable iu determining the 

on seJuilogar i ~hmic paper. 

position of t he maximum. The various frequency constants arc 
then calcuhtcd in the usual manner,* using both the oriA"inal 
data, such as that given in T able III, called the "observed con
stants " a nd designated by th~ subscript 0, and also the clatR from 
points taken from the curves to give the "calculated constants" 
designated by the subsc ript c. The data of most interest are: 

1. Average parliclc size = i = :t,xy/~!1. where :Ey = n. n is 
the tota l number of grains determined hy the method discussed 
on page 46. In t he ca::;e of the example presented there, 

i.,J. •. = 0.30 JJ-\ 
ieale. = 0.29 p, 2• 

• St.'l.1.i~( i ~al formY for thi~ uro ~:iwm in th<l lf11nd'Hx'k "' ,l!athcmaliral St,t/.•t/(8 . H. L, 
Hie(z nnd m emhera of Commit t<.'<l on )!.bthcmatica l Stati~tiea, l l oul':hton :\lifflin Co .• 
N<lw York, l!J~4 
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2. D ispersion, a, = ··i(Xx2yj:1;y) .:E2• 

I n the example: 
(f<>h o. = 0.2Gp.2, 

(f<A ic. = 0.24p.2• 

:!. The ra tio 100 u /X is sometimes called the coefficient of 
vnriation, C •. 

4. The median, Xm~, is that size below and ahove which there 
is an equal number of grains. It is sometimes of value because, 
unlike the avcmge, it is not materially affected by haphazard 
occurrence or absence of very large grains in the "tail" of the 
frequency distribution. It can be found graphically from the 
gmph of the accumulated frequencies or by interpolation be
tween the two adjacent values in the frequency table . 

.:V[ore closely related to the photogmphic characteristics of an 
emulsion than the size-frequency distribution of it.s individual 
grains is the total projective area offered by all of the grains of 
each size, since the latter is a measure of the relative impor
tance or each size in contributing to the total projective area 
of the silver halide. This total projective area per class is 
a lso a distribution curve to be plotted against the grain size, x , 
ttnd is represented by curve B in Figure 22. It is !tlways deter
mined when a size-frequency analysis of a·photogmphic emulsion 
i;-; made. The ordinates of curve B are calcula ted simply by 
multiplying each ordinate for curve A by its corresponding 
absei.<;&.t va lue ( Y = xy) . The area under this curve is an im
portant constant, t he total area of silver halide presented t.o 
the light per 1000 grains or per unit area of the photographic 
pb tc, according to the method of sampling. T his, or course, 
is only strictly so when there is no shadowing or int.crreflec
tion ; but among emulsions having the same ~hape of curve, 
the area is approximately proportional to the total surface of 
the halide. 

For t he determination of other characteristics of the structure 
of the emulsion, it is necessa.ry to know the number of grai1w per 
cuhic cent imeter of emulsion. This is measured independently. 
The necessary amount of emulsion is weighed out and diluted 
to 2-50 cc. with gelatin solution; 5 cc. of this diluted emulsion 
arc coated uniformly on a 2" X 5" slide of high-grade plate 
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glass. After drying, the plate is examined under high-power 
magnification wit h dark-field illumination. The ocular of the 
microscope is p rovided with a rule of square units. Each square 
covers a known section of the fie ld so that, after the number of 
grains in several of these squares is coun ted, the total num ber 
N of gra ins per cubic centimeter of emulsion can be calculated . 

~ •· ~o:zo:; ..... c,.uch<ov <>c" oooo c.""'"• o&., 
: e • •OZC·T<>~"'- .. IOO..>C<ToVC " """ .. C .. <<><><> o.flO.ON .. 

~ 1&1 """'1 

~ 
•do ~~o 

Fw. 22. A typical s ize-frequency curve. 

For one emulsion, for example, it was found to be 

N = 373.72 X 109 gmins. 

This value can be used for the determination of t he average 
thickness of t he grains and their tota l surface per cubic centi
meter of emulsionY T aking the specific weight of sil ver halide 
as 6.47, t he volume of t he silve r halide per cubic centimeter of 
t he emulsion is ca lculated from the known concentratio"n of sil ver 
halide in the emulsion. It was found to be 5.7 X w-a cc. This 
volume, di vided by the tota l projective area of the silver halide 
grains per cubic centimeter of emulsion (N X ii), gives t he 
average thickness (th) of the gra ins, whieh in this case is 
11.1 X I0- 2 ~· If t he projective area of a silver halide grain is 
an equilatera l t riangle, the ratio of length of side to average 
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thickness is 4.8 . The total surface (A) is found to be 

fo r a tria ngle: 3.4 t ime::; t he p rojective area 
square: 3.3 " " " " 

circle: 3.1 " 

T he average of the;o;e value.-; is ;{,;{, which i ~ used to calcu late t.he 
tot:d surfa<'e of t.hc ,.., iJ ver halide grains per cub ic centimeter of 
emubion and gi\·es um:3 :-;quare ccnt.imetcrs. There is some 
doubt whet.her t..lli::; method is really entirely trustworthy. 
A combinat ion of measurements of the projective area and 
count.'> of the number of particles docs not le:td to satisfaetory 
resu lts if u:-;cd to determine t.hc t.hiekness of grains which appear 
to be cubical. Furthe r experimental work on the .':lubject i.':l 
req ui red. 

Other ch:t.raetcri.-;tiel:i of gra ins nrc the averuge volume and 
the average weight. Thc::;e c:.1n ca.-;ily be calcu ln.tcd from the 
other data. 

The aYeraJ.\:C grain sizes (rl), rneasurCd as the projective a rea 
in )..1. 2, the sp read of grain-size distribution (u), also in J..1. 2, a nd the 
total numhcr of /-\:rains (.iV) per cuhic centimeter of emulsion of a 
few commercial emulsions arc given in the fo llowing table : 

TABLE I V 

1'1" 1~ nr Film iii~<~t' tFill~t1 Nx ,.~ 

0.31 o.2r. 117.S5 
OA!l O . .C.S r,2.3!i 
0.6 1 0.75 2fJ.{j(j 
0.\)3 O.SI 22J; I 
230 1.03 (j_32 

T he aecuracy of the ;-;ize-frequcncy determination increases 
as the square root of t he number of gmin.-; mea:-;ured, so t hat a n 
increa::;e in aecuracy in volvel:i a eon.-;iderablc increase in the work 
of making t he determination. The number of gra ins whic h 
must be mca;o;ured increases with the dispersion, wh ich, in turn, 
is approximntcly proportional to the average grain size. The 
number necessary depends somewhat on the regularity of the 
shape of the gmins, hut T rivelli concluded t hat, if the following 
numbers of grains arc measu red for t,he different values of a and 
a, satisfactory accuracy will be attained. 
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0.12 ll.IIJ 400 
O.JS 0 .1 7 500 
0.36 0.35 GOO 
O.f>4 OAS 700 
1.18 1_14 800 
l.U I l .G\l 900 
2 .• '-\2 2.-10 1000 

The sensitivity of the grains e:m he investigated in two ways: 
Svedberg ~ave one-graiu layer plates a series of controlled ex
posures , developed t.he plates, and removed the developed grains 
in a Uiluled solution of eh romic a.n d sulfurie Rcids. He deter
mined the gra.in-size di .-; tl"ihution of the unexposed part and sub
tracted from this tl1e grain-size distri bution of the grains left 
in the exposed p~trts, which determined the gr~lin distribution 
of the afTccted grains. It was found that in a ll the emu lsions 
investi)..!;a.ted, the larger grains were more sensitive than the 
smaller grains. The p;rca.tcst errors in this method occur qua n
t itatively in the regions of very short exposures . To avoid this, 
Silberstein and Trivelli 18 made usc of the faet that some pure 
si lver bromide emul~ions if developed with hydroquinone give 
silver par tic les of the same size and shape as the original grains. 
This makes it, possihle to determine direc tly the size-frequeney 
curve of the grains affected hy diffenmt exposures. The method 
is limited to rt special cmn l ~ ion and a o;pecial developer and is 
not of such gcncrn l app li cnbi lity as Sved berg' s. 

The g;rowth of the silver bromide gra.in dming digestion was 
studied by Loveland and Trivelli H" in a series of emulsions 
measured a.t tlifTe rcnt stages. The f'- ize-frcqucncy curves ob
tained, whieh were plotted on dou!Jle-l(Jp;ariL!ttnic paper, resemble 
pflmbolas, of whieh the foci lie on a straight line. In Figure 2~/J, 
the posit ions of the parabolas arc sh ifted t.o show that t.he 
double-logged s izc-fre(]uency distributions corresponding Lo dif
ferent stages of digestion \Vere uneh~mged in shape. The same 
was the case with the normal fu nct.ions . The logarithms of the 
frcqueney elmraeteristies, y, total ntunber of grains, a.vemgc 
gmin size, and dispen;ion are directly proportiona l to the log
aritlnns of the tirnefl of digestion, x; that is, they vary aceording 
to the simple exponentia l equation 

y = Cxb, 



<X d PRECIPITATIONS 

Ppt ion. 
0 <(2. d 
0 00,3d 
+ 0( 4 d,. 

4 O!h G. 
X CX7d., 

v ot7id 
... 0(7~d 
"'OC.6d.. 

Grains Mea5ured. 

2.877 
3 353 
2.4 7 4-
l !i78 

FIG . 23a. Size~frcqucncy cu rves frulll a series uf dig;cstious. 

54 



55 



56 THE THEO RY O F THE PHOTOGRAPHIC PROCESS 

in whid1 C nnd b nrc <:onstants. The same type of equation was 
a lso found to hold for the grain growth during precipita tion and 
ripening in :111 emnlio>ion made by :\ different method. T he 
average thicknc::.:s of the grains increases rapidly at first to a 
certain value a.nd then docs not change appreciably during 
further p•·ecipita.tion a nd ripening withiu the emulsion~nw.king 
range. G•·owth of thc.;,;e grains takes pbee mainly in two dimen
s ions, which re~·mll.:-; in the formation of larg:;c tablet;-;. Tri,·elli 
and Smith found in nnolhet· ,<;e ric~ of cmulsiom; with different 
s ilver iodide conccntmt.ions Utat the gmins become ~m:\llcr with 
increasing iodide content as far ns their project ive areas arc 
COIH;CI'IIOd. 

Trivclli nnd Bmith 19 investigated s ize-frequency rela tions in 
sevoml emul:sion scrie:.; in which the time of precipi t.nlion of t.he 
silV(!I' halide was v:uied. The same type of exponen tinl •·el:L
tions ns those described above was found between: 

1. The avcm~c g:;ra in size and the dispcr;<;ion of grain sizes, 
a ppro:\ehin,!!; in many case~ a. ~traight line. 

2. The avem~e grain ::;izu awl the average thickness of t he 
gmins. 

3. T he tot;d number of grains per c:uhie c·ent.inwter of t.hc 
emulsion and t he average grain size. 

4. T he tobd surface of the grain:,; per cuLic centimeter of 
emulsion a.nd t he :~verage grain size. 

5. The d ispe r:-;ion and t.l1n avera~e thieknc!'s of the grain;<;. 
6. The dispersion :md the totn l munlwr of gmin~ per <·uhic 

centimeter of enHtlsion. 
7. The disper...:ion and the total smface of the grains per euhic 

centimeter of emulsion. 
A st.ra ight~linc relation was found for the average grain !'izc and 
t!te time of precipitation. 

The si ze-fr<!<]IICIH!Y charaetcristi('!:i can also he correlated wiLh 
the scnsit.omet ric ch:lradcristics. There is the same type of 
exponentia l relation between t he t ime of prc('ipit.:Ltion and the 
contrast.<; of the emulsions and between the aventge g:;rnin size 
and the contra!'lt.. The same relation holds abo hetween the 
H and D speed a.nd the a.vernge grain Hizc. This relat ion is 
cloRe to n. direct proportionality in many enses. Trivelli und 
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Smith found that 'Y is proportional to the .-;quare root of the 
m1mbcr of gmins per square centimeter of emubion. 
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CHAPTER Ill 

THE PREPARATION AND PROPERTIES Of GELATIN 

The medium in which the light-sensitive silver halide par ticles 
of a phol.ogntphic emulsion are ~u:,;pendcd must sat isfy a number 
of exacting requirements. It must keep the emulsion grains 
perfectly dispersed to eliminate clumping and consequent granu
larity of the photographic image ; i t must be stable for a long 
period of t ime, so th:tt both the undeveloped a nd the processed 
emulsion a.rc rca~o;onahly pen nnncnt. ; i t must impart no un
dcsin~blc phot.ogrnphic clwr:ldcristics to the emulsion grains ; 
il.. must be such t hat it can be handled in a relatively simple and 
_vet ~\Ccu ra.l.ely reproducihlc nul llner, ::;o tha t emulsions ean he 
made and eoa t.ed hy practicahle proc:edures ; and, fin::tlly , it mu.st 
allow t he penetra.t.ion of proces:->ing ~olutions without impairment 
to i t,s strength, toughness, and perm:mcncc after the processing 
operations a rc completed. 

Gclnt in sntisfics these requirements ami, in addition, has cer
ta in chemiea.l properties which tLre indispensable for the prepa
ration of emulsions of high sensitivity. The ea rliest emulsions, 
which were made with collodion, lacked both the physical a.nd 
chcmicfll properties necessary for the hest results. Extensive 
searches fo1· emulsion media better t.han gelatin have as yet been 
unsuccessfu l. 

In a discussion of the propert.ies of geb t in , it is necessary to 
consider the physieal and ehemieal properties which make it pre
eminent for usc in photographic cmul."iions and to study briefly 
t he essential chemical structure responsible for its physical 
behavior. 

THE SOURCE AN D PHEPARATIOK OF GELATI)~' 

Unlike the silver halides, the jelly const.it.uent of a n emulsion 
is not a sharply defined chemical individu:tl. Gela t.in is pre
eminently a substance wiLh a hist;or·y; ils proper ties and its 
futu1·e behavior urc intima tely connected \vith its p3st. Gela tin 
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is closely akin to glue. At the dawn of the Christian era, Pliny 
wrote, "Clue is cooked from t he hides of bulls." It is described 
equally shortly by a present-day writer 1 as "the dried down 
sou p or com;ommC of certain animal refuse." The process of 
glue-making is age-old a nd consisb; essentially of the boiling 
down of hide clippings of such a nimals us cattle, ~heep, pig;s, and 
rabbits, or t he bones of the first three. The fi ltered sou p is 
a ll owed to cool and set to a jelly which, when cut and dried on 
net.-; , yie lds sheets of g;h1e or gelatin, according to the selection 
of stock and the process of manufacture. I n the prepara tion of 
glue, extmction is continued until the ultirnut.e yield is ohtained 
from the material; in the cn.-;c of gelatin, however, t he ex l.nH:tion 
is halted earlie r and is carried out at lower temperature~, :'O that 
cerlain strongly adhesive bu t nonjclling constituents of glue arc 
not pre.<:;ent in gelatin. Clue is thus distinguished by its aJhe
sive properties; gelatin, by i t::; cohe:sive propcrtie:s, wh ieh favor 
the formation of strong jellies. 

Photogra phic gelatin is generally m;u le fl'om scleeteJ. cl ippings 
of calf hide and ears, as well us cheek pieees and pa.te:s . Pigskin 
is used for the preparation of :some A"Clatins; and large quantities 
arc made from bone, t he bone being dcealeificd t.o fOI'm o.-;.:;ein. 

The raw materia ls arc selected not only for good :structural 
quali ty but for freedom from bacteria l decomposition. A sec
tion through a typical piece of hide is shown in Figure 24. In 
preparat ion for the extmction, the dirt, with loose flesh and 
hlood, is eliminated in n, preliminary wash. The hair, fat, and 
much of t he albuminous materials are removed hy liming ; in 
this operation, t he stock is allowed to soak for about two months 
iu limewater containing suspended lime. The free li me con
t inues to rejuvenate the .<~o l ut.ion and keeps the hath at .<~u i table 

alkalinity. This operation i:s followed hy deliming with dilute 
acid, washing, and eooking to cxt.rar:t the gelatin. Several 
"cooks" ar·e ~1ade at inereasing temperature.<~, nnd u:;u:dly the 
products of t he last extractions are not employed for photo
graphic gelatin . 'Vhcn the ge latin has hcen extrac ted, there is 
left a r·e.<~ idue, wh ieh consil:its chiefly of elast in and retieulin with 
some keratin and alhumin. The erude gelatin solution is filtered , 
eoncentrated if necessary, cooled until it sets, cut up, und dried 
in slices. 
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Gelat in mn.y n.lso he made by }Lll acid t reatment of the stock 
without the usc of lime : The stock i.-; Lrcatcd with dilute acid 
(pJ I 4.0) for one to two months and then wa~hcd thoroughly e~nd 
extmctcd. This gelat in ditfcr~ in propertie~ from gel:ttin mudc 
by t reatment with lime. 

Vertical secl ion of calf~kin from butt Calfskin a fter liming for t wo d:~ys 

Cnl_f~kin hefore dcliming Calf,.;kinaft.erdcliming 

Fw. 24. Phntmnir•ro~mph~ of a section of cowhide. Ahou~ X20. (From 
l'iewing t~ealfler tlmmgli Ow 1\'yc~:~ of Science, Dr. J ohn Arthur Wilson, chief 
chemist, A. F. G:•llun & Sons Co., Milwaukee, Wisconsin.) 
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THE CHEMICAL PROPERTIES OF GELATI~ 

The actual flesh y substance in the skin furnishing the gelat in 
is collagen. The corresponding connective tissue obtained from 
bone is termed ossein. The collagens arc protcius, jelly-forming 
albuminoids, which contain little sulfur and di:-:;perse slowly in 
hot water. In passing into solution, they hydrolyze irreversibly 
into gelatin. Sheppard and Houck,2 as the result of studies of 
the viscosities of gelatin solutions and in agreement with the 
X-ray diffrac tion investigations of ).lcycr and 1.fark,3 suppose 
that collagen consist~'! of fibers built up of long molecular chains. 
Hydrolysis results principally in the separation of t he molecular 
chains owing to rupture of cross linkages accompanied by a less 
important decrease in Ute· length of the dispersed cha ins. The 
resu lting molecules pass into solution a:-; gelatin. 

KUntze! and KoepiT 4 consider that in t he formation of gelatin 
from collagen, the liming opemtion causes a partial breakdown 
of the peptide linkages and of some of the intenno!ecular valence 
forces in the fiber; this step is termed torJOclwmical hydrolysis 
to distinguish it from hydrolysis leading to solubilizat ion of the 
material in the form of gelat in. 

The next step in the preparation of gelatin, the cooking opera
tion, causes a further breakdown of cross linkages, foi!owed by 
solution and the coiling up of the Iibera ted long p;ebt.in mole
cules which exist in a11 extended st~tte in the natural fiber. Since 
the coiled state is t hermodynamically more stable than the ex
tended state, the molecules cannot take thci1· original configura
tion, and gelatin formation is irreversible. Further hydrolysis 
results in the breakdown of the gelatin molecules in to smai! er 
molecular units, and the characteristic properties of the geln tin 
are lost. Evidence for the step involving the coiling of gelatin 
molecules is found in an investigation of Sheppard and Houck,~ 
who showed that a pa.rtial reversal of the process of gelatin 
forma.tio11 is effected whe11 highly stretehe(l gelatin gels are 
heated to insolubility. The insoluble material shower! an X-ray 
diffraction pattern like that of collagen and ha(l substantially 
all of the physical propertie.:; of collagen. 

The force.:; which hold the ge latin molecules toget.hcr in t.hc 
form of collagen fibe rs ma.y be of three types: strong eovalent 
bonds, electrostatic boiH.ls arising from the electrically polar 
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groups in the molecule:-;, and hydrogen bonds. It is possible 
that, the l.opochcmical hydrolysi:-; of J<Unl.zcl a nd KocpfT in
volves a p:\ rt,irtl fission of the covalent links, during which 
rcaetion the gelatin molecule:-; are held together by electrostat ic 
:wd hydrogen bonds. The formation of gelatin during t he 
cooking operation would then pre::;umably be due to the rupture 
of the remaining cova lent links and the loosening of the weaker 
electrostat ic and hydroJ,!;en bonds. 

Astbury ij concluded from X-ray (J.ifTmction studies tha.t the 
breakdown of collagen to gelatin involves both a decrease in the 
length of the main molecular chains and in the average number 
of molecules in the chain bundles. 

Tha t the principal change involved in t he forma t ion of gelatin 
from collagen is the separation of individual molecules from t he 
fibers is borne out by the analysis of the pa r·ent substa nce and 
its product. Thus, the compositions of collagen a nd ash-free 
gelat in a rc a::; follows: 

Carlmn llydrOfJNI Nilrogen Or.ygen 

Collagen (H ofmci!ll.cr '). r,o.7 6.5 17.9 2-1.9 
Gelat in (t>mith•) . . ,)(),5 6.8 17.5 25.2 

T here arc, however, definite c!wmieal changes involved in the 
gelatin-forming process. T hus, althou~h the aeidic properties 
of an acid-processed gelatin arc very like those of the original 
collagen, this is not Lrue of lime-proces:;Cd protein. These facts 
show that certain hydrolysis reactions have taken place which 
involve the gelatin molecule itself. 

Gcbtin derived from animal hides probably conta.ins a smull 
pcrcentnge of keratin, another protein, or of its degradation 
products. A more important cOn1-itit uent is albumin, which may 
be present up to about one per cent. ~ Both keratin and albumin 
contain small amounts of sulfur, which is of great importance 
in l.he product.jon of emulsions of high sensitivity. T his is dis~ 

cussed later. Cela lin aiJ-io contains sm:~. ll amounts of carho
hydmtes, principa lly galactose and glucose.10 

From ehemiclll and physir:al data, including X-ray d iffraction 
pictures, it has been established that the long gelatin molecules 
a re made up of~~ number of regularly recun ing groups or residues 
whieh, upon drast ie hydroly::;is, split inLo sma-ll d iserete mole
cule::; which retain their identity. It is not possible to sLute 
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absolutely t hat t he ultima tely segregated molecules are not 
degradation p roduct::; of molecule,.,; of intermediate size, bu t the 
chemica l a nd phy::;ical data :strongly indicate that this is not 
t he case. 

T he degradation of a simple polypeptide chain by hydrolysis 
can be illustrated as fo llows : 

CH~ 

H H IT (~, 'cH, 
I I I I I 

· -n-C-l\-( ' 11 .--(:-( :-~-( " 1 1 .--< :- :"\-('-C'-X li-C' J-1.--R" + 411.0 
II I II II II II 
0 lt ' 0 0 0 

II 
I 

_.. R- C-OII + II,N ·CII.--1'-< '-OH + II,X- Cll.--f '-OH 

il l,· ti ti 
en, 

/ ' cu, en, 
I I + Hi'\--(:-C- 011 + 11,~-CI-1 .--R" . 

I-I II 
0 

T he relatively simple molecules isolated in t he hydrolysis 
p roducts of gelatin arc nit rogen-bearing compounds. With the 
excep tion of ammonia, t hese substances are amino acids. The 
percentages in weight of t he principa l ami no acids found in 
gelatin arc given in t he fo llowing table, together with t he fre
quency of their occurrence expressed as a fraction of the total 
Bumbe r of mo lecules : 

T ABLE V 
PBIICE~TAGB~ o~· A .111:->0 AGIUS I N ] ,JM~:-PuOCF.f>HF.O GELATI~ A;o.;u T HEIU 

F l\t:\Jum,•c r o~· O ccuiUtF.:->CF. 

..... 7 
3.-t 
r • .~< 
(i .2- 7.S 
r •. 9 
o.a-o.r; 

19.4 
1·1.4 
7. 1 
1.2 
0.4 

Frc<JI!.C1«:!J 

1/3 
1/9 

1/ lf! 
1/'24 

1/G 
1/1) 
1/1.'-1 
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The amino acids contain - NJ-{z and -COOH groups, t.hc 
structure of t he simplest of them, g lycine, being 

Cl lt- C- OJ-1. 

~Jf, g 
They a rc cleriv;tf.ives of t he fatty llcid series. Some of the 
a mino acids cont..:1.in rings; e.g., the .-.;t.ructurc of histidine is 

and of proline is 

H 
ITC=C-CJT,-C-C~OH 

I I I II 
liN N U 

""-/ N lJ, 
c 
II 

CH2 

~, "'-cH, 
I I 

H N--C-C-OH 
H II 

0 

Since the amino acids con tain both the acid carboxyl group 
and t he basic amino group, t hey are amphoteric. 1£ sodium hy
droxide is present, the amino group is unaiTectecl , but t he ca r
boxyl reacts to form ~L stdt. In the presence or l)trong acid , the 
carhoxyll!;roup is inert, hut the llmino group udds the add mole
<:u lc :uu.l form:<; a R:dt. In general symbol!:;, the two reactions 
for gelatin mu.y he writ,t.cn : 

TT H. + ~dat.in - p;t:latin salt of It 
::\'TOll + g(•laLill - M v;datinatc 

For glyeine, t he reactions a rc: 
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The acid and basic groups in a single amino-acid molecule 
can react with each other, or these acLive groups can react \vith 
such groups in othCI' molecules. Thus, t he int ramolecular con
densation 

C I I~-NH2 Cl-h- N II 

t n, . - ~a" I + H,o 
"--coon ~c~c 

may occur. There are two types of intermolecular condensa
t ion possible for amino acids. The first of the::;e results in the 
formation of straight-chain compounds ami is prel:lu mably t he 
reaction responsible for the building up of t he giant protein 
molecule from the amino-acid units. Thus, in a simple case , 

H IT 
H2N-CH2C- OII + HN-CII2C-OH + IlN-ClftC- OH -

ll ll ll 
H H 

H2N-CH:-C-N-CII~-C-N-CH2(',--QH + 2H20 . 
II II II 
0 0 0 

A second, less important intermolecu lar eonden.-;at.ion which may 
occur t.o some extent in protein formation involve.-; cyel ization. 
An example of this type of reaction is t he formation of d iketo-
piperazine. 

H 
/Nll, HOOC" /N- CO" 

CH2 + CH~ - Cl-12 CH2 + 2H20. 
"-comr n,N/ "-oe-N/ 

I[ 

A number of polypeptides have been synthesized from amino 
acids, in one case as ma ny as nineteen amino-acid units having 
been linked together. These synthetic materials closely re
semble the proteins in many of t heir properties. 

The manner in which the individual amino acids fit into the 
giant gelatin molecule has been determined wit.h ~orne degree 
of certainty. The chemical data on the de.~;radation products 
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of gelatin and the knowledge of the types of chemical reactions 
which amino acids can undergo provide resb·ictions whieh must 
be met by any proposed structure. The arrangement of the 
amino-acid units in the chain whieh makes up the gelatin mole
cule has been studied by means of X -ray diffraet.ion measure
ments. The early work of Katz, lVle.rer, and )lark, and others 
has been amplified by other in ve.s tig;at.ions ; and most recently 
Astbury 6 has contributed greatly to knowledge of the struetme 
of gelatin as derived from diffraction data. 

X rayi:i falling upon a substance arc di!Tract.ed by its compo
nent atoms or groups, the intensity and direction of the diffracted 
rays being determined by the kinds of atoms or groups and their 
arrangement in the substance. If the inner strueture of the 
substance is made up of regularly recurring and definitely ori
ented atoms or v;roups, the diffraction pattern of the X rays is 
well defined; laek of a definite pattern indicates the lack of a 
regular internal structme. From the spaciugs of a defiuite 
X-ray diffraction patt.em, the arrangement and dirnent->ions of 
the internal units can be calculated directly from well under
s tood physical principles. The results of Astbury's nnalysi::; of 
the X-ray diffraction patterns of collagen and gelatin lead to 
the following structures: In eollagen, t he long individual molecu
lar chains are held top;ether in the form of a grid by cross linkages 
between the side chains. The average distance between chains 
varies with the humidity but is 10.4 A. for thoroughly dried 
col lagen . The dista nce between adjacen t grids is approximately 
4.4 A. In the transition to gelatin the cross li nkages are broken. 
The chains, somewhat hydrolysed, arc made up of amino-acid 
residues whose avera!J:e length along the molecular axis i:,; 2.~) A. 
The best evideneeindicates that the average chain is 838A. long 
or a multiple thereof and is made up of 288 amino-acid units. 
The average molecular weight is about 27,000 or some multiple 
of this. To account for the short avera.ge amino-acid length 
along the direction of the chain, it is necessary to assume a 
zigzag structure. 

The final choice as to the arrangement of the amino-acid 
residues along the chain of the gelatin molecule is governed by 
the frequencies given above in Table V. The high percentages 
of proline plus hydroxyproline and of glycine residues lead to 
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t,hc urrangt~ment 

- 1'- G- R- P- G- U- P- C- It-

where P stand~ for either proline or hydroxyproline, G for 
glycine, and H. for one of the other amino-add residues. 'This. 
grouping repeats itself until the average molecular weight is: 
27,000 or a multiple of 27,000. In conventional symbols; th~· 
~tructme is written ~-( 

CH, cnon 
''fC l ·H, ,:1{, 'en. r.. 
k--i;H CH, NH ~--i·n I 

.... . - co/ "'-co- Nn/ "'-co/ "'-cn- c6 "'-cO-~': 
j, 

where R is a side chain. T he pattern of three amino-acid 
residues is not aetually the true unit in the direction ot. the 
molecular axis, since there are minor variations in the nrrange
ment. T he::;e a rise in three 'vays: first, becau~;c the cyclic sirue;:
tlll"c may be eit her proline or hydroxyproline; second, becaust 
once in every eighteen residues the ring is missing; and, Lhir£, 
bec:tusc the side chain 1l is variable. These variations are of 
minor importunec, however, in determining the arra ngement of 
the grid-like structure of collagen. 

The Acid-Base Properties of Gelatin 

Bccau::;e of its amphoteric character, gelatin can act as either 
a b<tse or an acid. Since both t he hasic and acid grouPs are 
weak, it exhibits the properties of a buffer, chamctcdzcd by t~ 
fad t hat i:Lrgc addit.ions of acid or alkali do not markedly ,, ffect 
the conccntrulion of hydrogen ions. T he buffer aetion. of ··B 

gelat in wlut.ion depends upon its pH range and i!S determined 
by the acid and ba:sic dis:sociation constant.<> of the -NH2 and 
-COOH groups present. Thus, the addition of consta nt quan
t ities of acid or base to a solution docs not produce constai1t 
cii:Lnges in hydrogen-ion conccntmtion. T his is illustrated in 
Figure 25, red rawn from the dl.Lta given by Cohn.11 j 

The addition of progrc ........ i\'C amounts of acid to a solut.iOn of 
a limc-prOCCSl:iCd gelatin CU.USCl:i [l slow drop in pJ r lO about 215. 

,, 
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,T his effect can eai:i ily be understood from the very small con
'S tant.s of dissociation of both the mnino and the carboxyl groups. 
At ·a pH less t ha n 7, the acid 
g;rot't p.s are somewha t d i .s~oci

\;t ted, but the concentration 
' :of hydroxyl ion~ is sti ll large 
. 'enough between pH = 7 ami fH = 2.5 to prevent the dis
. sodation of the amino groups. 

T he addition of acid in t his 
rcg~n is used for neutra liza
tio~l of the amino groups. 

I'tom t itration curves such 
as ihat illustrated, it is pos
s i hi~ to derive acid and basic 
d issociat ion constants which 
<! n ~he ascribed to the va rious 
amino-acid units which con
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: jl' h., shapes of such curves Fw. 25. The titration of gelatin 
,idepend on the process used in with acid and alkali. 
the manufacture of the gela-
t in, e.g., lime-processed 01· acid-processed, and afford an indi
ca t ion of t he chemical changes occurring during the t ransit ion 
fro'f collagen to gelatin. 

The Combining Power of Gelatin for Silver Ions 

!f A chemical property of gelatin of interest primarily to the 
photographic chemist is the abili ty of the protein to enter in to 
eorf!.bina tion with sil ver ions. This proper ty was studied by 
Can-ol! and l·lubbard/z who fou nd it has a mll!·ked dependence 
f; pon pH. The sil ver-ion eombi 11 ing power of gela t in decreases 

ij' iLJ1 decreasing pH but is still appreciable below a pH of 4. 
~Th is is ill ustrated in Fig;ure 26 from Ca rroll and Hubbard, in 

wh(Ch t he mols of silver ion combined per J~;ram of g;elatin at 
co11s tan t silver-ion concentration are plotted against pH for four 
.vall1e.s of [Ag+] . The combination of silver ions with gelat in is 
probably due to the formation of complexes involving t he basic 
_a mino groups of t he gelatin molecule ; this is supported by the 
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fact that at low pH, whCI'e the ~NH2 groups arc t ied up wit.h 
hydrogen ions, t he affinity of the gcht in for sil ver ions is con
siderably reduced. 
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Frc. 26. The combination of ~ilvcr with gelatin in rcbtion to pH. 

THE PHYSICAL PHOPERTIES OF GELATI N 

Dry gelatin s tored under usua l condit.io m:;, at humidi ties he
tween 40 per cent and 70 pet• cent, contains about JO per cent 
of moisture. It is tough and horny and has great mechnnicaJ 
strength bu t becomes harder and brittle when thorouJ.,\"h ly dried. 
Placed in cold water, gelatin t:.kes up liquid fl.ll(l fi wcll s to many 
times its original bu lk, with little of the protein passing in to 
solut ion. The swollen gelatin is flexible, sofL, and easily torn; 
if t he temperature is raised to about 40° C. , it melts to a viscous 
liquid, or gelatin " solution," which may be diluted indefin itely . 
Provided the concentration is greater than one per cent, t he 
solution sets to a jelly after standing for ::;ome time in a cool 
place. The strength and rigidity of the jel ly depend upon the 
concentration of the gelatin. The properties of setting, melting, 
and swelling, among others, arc discussed in more detail. 
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Isoelectric Point 

.Most of the physical properties of gelatin solutions a rc de
peudent upon the a.cidi t.y or n.lkuli nit.y of the solu t ions, and this 
dependence lli intimately a::;::;oeiatcd with the isodectric point . 
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FIG. 27. Curve ~;howing; the amount uf nlcohul rcquire•l to precipitate 
g;elatin nt variou~ values of p ll . 

The isoclectric point of n suhstrr.nce is t he pH vnluc at which 
the mltterial is cledrically neutra l, :-:o that, under the influence 
of an electrosta t ic field it migrates neither to t he posit.ivc nor 
to the ncgat.ivc pole. The i::;oelcdric point of a n amphoteric 
sub:'!tancc such as gelatin i::; the pH at which it is C((Ua.lly d i.-;-
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socia.ted as an acid a.nd as a base, and it is also the point of 
minimum dissociation. 13 

In Figure 25, illustrating the acid-hase properties of a lime
processed gelatin washed to complete removal of inorganic ions, 
the pH of the solution before the aUd ition of neid or ba:o;e is 4.8. 
This is the io;oclcetric point of the particular gelatin tstud icd. 
Gcla.tim: prepnred by different. procedures, e.g., by acid or basic 
p roeesses, ha.ve different isoelectric poin ts, depending upon 
the hydrolyBis readio n.o:; taking place during lhe manufacture. 
Thus, the isoeledrie points of l irne-pror~e:'.-;ed gelatin:,; may vary 
from 4. 7 to 5.:~, determiner! by the numbers awl type:,; of acid
a mide groups de:st.royed and converted in to ammonia. The 
isoclect.ric point::; of acid-proee:o;:-;cd gelatins, on the other hand, 
arc nearer those of collagen and vary from about. plf 7 to pH!); 
these high va lues arc due lo lhc fac t that fc\V of tllC basic nitro
gen groups are destroyed during the acid treatment. 

Many of the physical properties of ~ela.tin have their minimum 
values at t he isoelectrie point: e.g., the solnhility, the osmotic 
})l'e:'.'iUre, the rlegree of swelling;, ami the alcohol precipitation 
number. The alcohol prer:ipitation nnmhcr is a measure of the 
amount of alcohol rcC[uired to bring about the first. perceptible 
precipitation of the dissolved gela tin . Fi~me 27, taken from 
Sheppard and Houck, shows the effeet of pH on the aleohol 
precipitation of gclntin. The isoelectric point determ ined by 
this me thod is 4.0. This value agrees well with t hat obtained 
by two other methods of measur·cmcnt-li!J:hL scattering and 
migration under t he influence of an cledric fie ld. 

Viscosity 

Vi.-.;eo:sit.r is one of the mrmt importnn t of the physicfl l proper
ties of gelatin. Visf'o:o;ity i::-; defined ns the resistflnee opposed 
by a liquid t.o shearing force and is a measure of the resi:stanee 
to flow of one molecu le (or molecular a~p;regate) past another. 
The unit of viscosity if' the po£se, defined a :-; one dyne per squnrc 
centimeter per unit velo('ity gradient. The cenlipui:;c, Ytoo of a 
poise, is used ai:i the pntcl ica l un it. A common method of 
mea:,;uremcn t is to pass Lire liquid under a known he:Hl t hroup;h 
a narrow capil lary tube; t.he viseosit.y is expre:o;sed as the volnn:c 
of solution passed per unit. time divided by the force required 
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to make it pass. For most liquids, the rate of shear is propor
tional Lo t he shearing force; hu t for !'Ome a certain minimum 
force must be n.pplicd before any flow takes place. For grea ter 
forces, the mtc of sl1car is rchitcd to the force in t he norm:t l 
manner. Such pasLy liquids are .said to possess plas t icity. At 
low rates of shear, ~elatin solut ions have abnormally high vis
cosit ies; this indicates propert ies intermediate between visco;,;ity 
aml pla:;ticity. 

The visco;:.;ities of gelatin solutions U.o not remain constant 
wit,h time and are dependent upon tempera Lure, pH, source of 
gelatin, a mi ot her faetors. The effeds of ;:.;ome of these va riables 
have been studied hy a number of workers and discussed by 
Sheppard and ]louck.14 

Of two :solulions made up aL d iiTerenL temperatures, that at 
the lower tcmpcrat,UI"C :;;hows t.hc J.!:rcatcr 1·ate of dccl"casc of 
v iseosity with t ime; hut both rapidly approach the same 1·ate of 
fall. Sinee, in gel:ttin solution.-;, hydroly~is i;; conslllntly occur
rir1g, it is desirable to retluee to a miuimurn the time required 
to bring t he gelatin solut ion to a speeifietl temperature of 
measurement. 

The v isco!'it ics of gelatin solutions are :strong;ly dependent 
upon pH, the shape of t.he pH-viscosity cm ves being determined 
to a considerable extent h.r the age of the solutions. This is 
illustrated in Fig:urc 2S, which shows a brea k or minimum in the 
curves at the isoelcctric point. Attempts to correlate the vis
eo.'-;.it ies of gelatin solutions with t heir conccnt ra tium; have not 
been successful. The effect of temperature is complex. At 
rclnt.ivcly low temperatures, the visco,.:;it,y rises with time; at 
sume\-..ha t higher temperatures, t he vi;.;eosit.y f'irst rises, t hen 
falls; a t :-: t.ill hig:her temperatu res, the viseosity shows :L st.eu.dy 
drop. There is no temperature at whieh t,hc viscosit,y remains 
constant.. 

Sheppanlnnd H ouck think that the beha vior of the viscosities 
of gcbt.in :-;olut iow.: iK due to the coexistence of two opposing; 
f:lctors- gclalion (01' jelly formation) a nd hydrolysis. Gelation 
causes an increase in visco:;;ity, due to the setting up of a highly 
oriented s tructure in which the molecu le::; :u·e no lonf.!:cr free to 
move individually ; and hydrolysis b rings about a decrease in 
viscosity, owiuf,!: to a lowering of t he average molecular weight. 
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At low tcmpcr:.tf.ure~, gelat ion outweighs hy<.lrolysi:s ; :uHJ ::a t high 
temperatures, hyd roly~i-" is more rnpid t ha n gelat ion. At inter
med iate t.empcmtun:::o~, gelation comes rapid ly to n. :st :1le ap
proaching equilibrium, while t he hydrolysi~ eont.inues at. a. more 
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Fw . 28. Curve~ ;;lwwin~ l11e rebtion hr.twr.cn th r. \" iM"1"ity of ~;ci:Jtin 
solut ions nnd t heir p i l \':due. 

or· less constant rate r~nd soon OVt)r<:omcs the initial increase 
in v iscosity. Fr·om their !oi tudief'., Sheppard and H ouck con
clude, in ngrecment with dcclud.ioni'. made hy Himms 1 ~ .from IL 

study of the ionic activity of gelatin, t.lmt 1-\"eb tiu solutious con
tain molecularly di:spcrsed, long-elwin molecules. The viscosity 
effects of such a. system arc probahl.r due t.o t he formation of 
hydrogen bonds and to other types of intermolecular orienting 
forces. Solvnt ion is apparently not a faetor. 

Setting and Melting 

lr allowed l.o skllld at low tempcm.ture:::., n. 12:clntin solution 
solidifies; with an increase of l.empcrHtme, it.. melt:;. T he set ting 
and melting point-s do not ordina rily coincide ; a.nd they are 
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dependent not on ly on the concentration but on the pH, the 
neutral-salt content, the past history of the sample, and other 
factors. Furthermore, the points are ill defined. J ust before 
setting, the solu t ion becomes viscous to t he point of stiffnes~; 
while immediately before meltin~, the jelly loses its mechan ica l 
strength. The pru'iicular moment in the softening process wh ich 
is called mcltiny has to be chosen arbitraril y . C. R. Smith takes 
the point when a bubble ,!1 em. in diameter imprisoned in t he 
mass just begins to rise; Klit,tncr and Ulrich, when the jelly 
smface in a horizon ta l te.-;t tuhc just begins to sag. Sheppard, 
regarding the increase in vi:->cosity through pla.-; t icity as a con
tinuous change, prefers to define the mel tin~ point dynamica lly 
as the region of greatest a lteration of property, or t he point at 
wh ich the clas tic modulus becomes ne~li~ible. 

The differences between the sett ing and the melting points 
of gelatin solutions arc illustrated in Figure 20.16 The region 
enclosed between the curves is one of imperfect thermal equi
librium. Above the upper curve, the solut ions show liLtle 
pla.-;ticity and behave as viscous liquids; the region below t.he 
lower curve is one of clastic ~el~. 

There has hccn much speculation about the structure of gela
tin sols and gels. Some of t lli:; i...; of interest from an historical 
standpoint. C. R. Smith deduced from pola riscopic studies that 
gelatin solut.ions contain tn·o species, sol and gel forms; t he 
in terpretation of his data. has been questioned, and at present 
his views are not accepted. R. H . Bogue considered that ~elatin 
solutions contain molecular chains wh ich polymerize and link 
together to fonn a. solid network when jelly format ion occurs; 
his picture i.-; somewhat va.p:ue, but if the term polymerization 
is broad ly in terpreted, it is not incompatible with prc~ent views. 
Procte r and Katz pictured the ~el state as a true so lid solution 
which passe.-; into a two-phase emulsion on melting, while 
Wo. Ostwald held the opposite view in postulating that jellies 
~HC composed of deformed liquid globules within a liquid phase. 
Niip:eli proposed a mice lle theory for the i:i lnwturc of gcla.t.in 
sols and geli:i, which has been developed by McBain. The 
micelle is an aggreg:1te in which each molecule retains its 
chemical individuali ty wh ile losing its physica l freedom. Thu~, 

the chemica l properties are those of the individual molecules, 
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hut t.lw physical properties arc governed by the behavior of t.he 
nggreJ!;t~tes . 

The vn.riou.-; t heories of t he structure of gelatin sols and gel;; 
just described appc:tr now to be incorrect. E vidence recent.ly 
adduced can bc:st be explained on t he assumpl..ion that the 
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mieelles in gelatin solutions above a certain temperature arc 
either the individual long-d min molecules of the polypep t ide or 
accidental knols or tangles of :such molecules.H X-ray diffrac
t ion p ictures of gdatin sols and gels show that in the gel state 
the molecules are J cfinitcly oriented in a erystnllinc pat.lern. 
Above the melting temperature, however, t he sol or solution 
shows no definite intcmal strueturc.18 
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Gelatin so ls, therefore, appear to be true solutions of large 
molecules; and setting to a jell y occurs if t hese scattered mole
cules come together to form a structuru l meshwork. The orien
tation of the molecules may be brough t a bou t by the formation 
of electrostatic cross linkages between the polar grou ps and also 
by the formation of hydrogen bonds between the -NH- and 
- CO- gt·oups of adjacent molecules. 19 H ydrogen bonds are 
not t rue chemical bonds but are attractive forces resulting from 
re;;onance effect;;. Since t he energy requ ired to b reak a single 
hydrogen bond is only ahout (j Caloric;; , melting, or disorienta
t ion, can take place at low tempcmtm·es. Also, since the con
centration of gelatin in solution determines the degree of prox 
imity of one molecu le to another, the higher t he concentrat ion, 
the greater the number of hydrogen bonds formed, and the higher 
t he temperature uecessary to break down the cross linkages. 

Swelling 

Dry gelatin abso rbs water from a humid atmosphere or from 
the liquid. During this process, the gelatin swells until it has 
absorbed a definite amoun t of water , the equilibrium stat-e being 
determined by temperature and other factors. During swelling, 
considerable pressure is developed unt il equilibrium is reached, 
when the pressu re drops to zero. 

T he absorption of water vapor by ge latin has been investi
gated hy Katz ~ and by Sheppard, Houck, and Dittmar ,I' In 
the experiments, gelatin sols of fixed concentration were p re
pared, coated on a support , and thorough ly dried at room 
temperature. The moisture absorption or regain at equilibrium 
was then measured under a variety of conditions. As for most 
cases in 'vh ich colloida l materials are studied, the conclusions 
dntwn apply to the specific conditions employed. 

The moistu re absorbed by dried gelatin is a function of t he 
relative humid ity of the environment and can be progressively 
removed by placing the material in an atmosphere of Jo,ver 
relat ive humidity than t hat with whieh it is in equilibrium. 
This is shown in Figmc 30 for de-ashed gelatin at a pH of 6 at 
25° C. The shapes of the abso rption and desorption curves are 
the same, but the curves do no t coincide. Such hysteresis 
effects are common in colloidal system!:i. 
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The moisture taken up at a fixed relative humidity depends 
upon the pH to 'vhich the original sol was adjusted before dry
ing. It rises rapidly with the pH of the sol from pH 2 to pH 5, 
then levels off at values above this; there is no discontinuity in 
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the curve at the isoelectric point of the gelatin, !luch a.~ found 
for absorption from liquid 'vater. The moisture regain de
creases with increasing concentration of the or·iginal sol, droppi ng 
rather sharply for samples made up from sols of concentration 
greater than 10 per cent. Hydrolysis of the original gelatin 
over a range which reduces the viscosity by a fa ctor of three 
has little effect on the absorption properties. Hardening gelatin 
by means of chrome a lum and formaldehyde does not appre
ciably affect its absorption properties. 

Two types of gelatin were studied by Sheppard, Houek, and 
Dittmar. A lime-processed calfskin gelat in with isoelee trie 
point at pH 4.8 and an acid-processed pigskin gelatin with iso-
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electric point at pH 8.2 showed very similnr moisture absorption 
properties. .t\o difference was found unt il humidities in the 
range of SO to 90 per cent were rcnched, when the lime-processed 
material hegan to ahsorb mueh more water tlum the pigskin 
gehtin. Thi:-; diiTcrcncc is much less than that found for the 
:tbsorpt ion of liquid water by such gelatins. Sheppard, Houek, 
and Oit tmar conclude from their studies that there are two 
main forces influeneiny;- t he absorption of water vapor ; first, 
init ial a bsorpt ion at inner surfaces due to amino groups a nd, 
~:;ecoml, :~ cont inuation of absorpt ion hy conden&'ltion of wa ter 
va.por in holes within t he structure. From eonsidera.tions of 
X-my diffmd ion data, it appears that \Vater is taken up within 
t he eryst:tllite gelatin strueturc between the principal valency 
chains, whieh extends the side-chain spacing. 

The swelling by liC)tlid wat.Cl' has been extensively s tudied. 
F .llofmeist.er , in 1S88-18\ll, invest igated t he effect of :.l number 
of substances on the swelling of gelatin a nd a rra-nged the order 
of their increas ing cffcctivene.o;s :lS follows: 21 sulfntex, citrates, 
LartmLes, acetates, alcohol, cane sugar, dextrose, di:-;tilled water, 
chlorides, chlora.tes , niLmt.c~, bromides, acids, and alkalis. For 
ca lions, the order was found to be: lithium, sodium, potassium , 
ammonium. The sails have a marked e!Yect on the rigidit y 
of t he jelly and, in some cases, e.g., Lhiocyanates a nd iodides, 
bring about an actual solution of t he gel. 

As a result of these observations and other facts, Loeh offered 
an cxpla.nation of gelatin swell ing based upon Procter's app li
cat,ion of the Donnan membrane equilibrium. The jelly is 
a.'>'\llmcd to be m:1dc up of a number of cavities, the walls of 
which act :ts semipermeable membnmes. T hese cavit ies con
tain substances, generally salts, 'vhi!:h arc responsible for the 
exertion of :u1 osmotic pressure which causes the swelling. 
Donnan showed that if two solut ions arc separated by a mem
brane permeable to all the ions except one, an elect rical potential 
and osmotic press ure are set up at the memhranc surface be
tween the solutions. Swollen gelatin is permc:thle to salt ions 
in aqueous solut ions ; and the walh; of the poekets, singly or in 
ser ies, con~titut.c a mem brane between the in terior of the jelly 
nnd t he outer liquid. T he contents of t he je lly form one solu
tion, a nd the outer liquid, the other. 
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The swelling of gelatiri in a dilute solution of hydrochloric 
acid serves as an example of membrane behavior. In the solu
tion surrounding the je lly, there arc hydrogen chloride, hydro
gen ions, and chloride ions ; in the gelatin, t here is in addition to 
t hese substances, gelatin hydrochloride, which is partially dis
sociated.. All of the species in the system arc free to migrate 
except t he gelatin ions, which a rc held in posit io n because of 
intermolecu lar forces. These hold in their neighborhood J\11 

equivalent of ch loride ions. The condition is illustrated dia
grammatically as follows : 

I T< the ydJJha~c 

Gelat in 
Gelatin hydmchluridc 

Gt•latin ion~ 
('!- (Gel) 

HCI 
IP 

CJ- (Hf'l) 

I n the solution 

HCI 
H' .. 
CJ-

Since there is nothing to prevent the concentration of un-ionized 
hydrochloric acid heing equal on eithe r side of the membra ne, 
the products of the hydrogen and chloride ions are abo equal, 

. . (H+)(CJ- ) . 
from mass act10n concepts, smce "(TIC!) = K. On the Jelly 

side, the chloride ions outnumber the hydrogen ions ; hence, 
the total conceutmtion of ions is greater in the gelatin than 
it is in the solu tion. The jelly , therefore, absorhs water, to 
compensate for its greate r salt con te nt, until t he distending forec 
is balanced by the tension of t he fibrous :-;L ruetu re . 

The swelling of gelatin in aq ueous solutions is markedly 
affected by pH a nd i.<s a minimum at the isoelectric point of the 
gelatin.22 This is illustrated in Figu re 31. This minimum swell
ing at the i soe!cctri~ point is in agreement with predictions of 
the Donnan theory, but t he theory docs not account for the fact 
that swelling occurs at all at the isoe lectric poin t . 

Northrup and Kunitz 23 attempted to reco ncile gelatin swelling 
at the isoelectric poin t with t he Donnan equilibrium t heo ry. 
They postul:~te tha t gelat in sols conta in an insoluble ma.tcri:d 
which forms the membranes or wall s of a number of pa rtieles or 
micelles and tha t each part icle conta ins an interna l liquid phase 
of soluble gelatin in water. The individua l particles obey the 
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thermodynamic requirements of t he Donnan equilibrium and 
swell if placed in wa t.(:r. The authors found tha t gelatin can be 
fractiona ted into soluble ami insoluhle portions. 

The theory of Northrup and Kunitz laeks independent experi
mental support and is vitiated by the experiments of Sheppard, 
Hudson, ami Houck,9 who showed that the insoluble fraet ion of 

s 
o 

FtG. :n. Curves l'howing the swelling of gcbtin in w:tkr in rcl:l.tion to 

pH. The swelling i1 is expressed :l.H the grams of water held per gram of 

gelatin. 

gelatin i:'; albumin and that its presence or absence did not 
affect the swelling. In addition, it was found t ha t broken down, 
soluble material in a gelatin docs not increase hu t acLunJly 
dirniuishcs the swelling until it is t·cmoved by diffusion; after 
this, swelling inereascs. 

No gencmlly satisfactory theory has yet been adduced to 
explain the swelling of gelatin at t he isoeleetric point. It seems 
probable t lmt any explanation of the phenomenon must be based 
on t he as:mmption that a gelatin jelly has a. defi nite internal 
structure. 

As is the case with vapor absorption, gehtin jellies made up 
at different coucentmtions before d rying swell, if placed in cold 
water, to a. li mit which is determined by the original concentra
t ion of the jelly . For exmnple, the gelatin dried from a. 5 per 
cent jelly swells to a much greater extent than the gelatin dried 
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from a 20 per cent jelly. If a piece of gelatin is put in W[tter of 
moderate temperature, for example, about 15° C., t he gelatin 
swe lls to a limited extent. If the temperature is raised mueh 
above this point, the gebtin continues to swell without limit and 
ultimately takes up all the water offered it; and the jelly brcuks 
up into very small pieces. If, at this higher temperature, how
ever, the water is replaced by a salt solution, the swelling is 
again limited. 

Swelling is obviously complicated by many factors. One of 
these is the influence of t he t h i ckne~s of the dried gelatin layer. 
Swelling denotes an increase in volume due to the absorption of 
water. A la.yer of gelatin adhering to a photographic support 
can swell to a marked degree only in a direction pe rpendicu lar 
to the surface of the support; otherwise, the layer would have 
no definite dimensions and would not remain attached to the 
base. If gelatin is dried down on glass sheets so prepared that 
the dried gelatin can be s tripped off, it is found, on placing the 
stripped sheets in water, that the greatest expansion still occur.-; 
in the direction perpendicular to the surface. There is, how
ever, a considerable sidewise or lateral expansion on swelling, 
which shows that, if the sheet is attached to a rigid base, such 
as glass or film support, a force is exerted which tends to move 
the gelatin relative to the support. The amount of this force i:s 
proportional to the total swelling of the gelatin. 

The absorption of water and the process of swe ll ing must be 
regarded as impressing a strain on the gelatin. Gelatin and 
gelatin jellies have, in addition to bulk elasticity, t he pr·operty 
of rigidity or elasticity of shape. If a. material is stre:s.-;ed, it is 
desirable to keep the stress below the clastic limit if permanent 
deformations are not to be produced. In the case of gelatin, 
this means that undue swelling must be avoided. The type of 
swelling termed unlimited swelling indicates that the gelatin je lly 
has been strained beyond the elastic limit a nd is subject to 
permanent deformation. Factors tend ing to produce th is con~ 
cli tion are high acidity, high alkalinity, and high temperature. 

Drying 

The reverse of the process of swelling is the removal of water, 
or drying. Just as swelling imposes a strain on the gelatin, so 
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also docs dry ing. Drying involves two principal phases: (a) the 
d iffusion of w:t.ter to t he surface of the jelly ami. (b) the evapora
t ion of water from the surface. If proces.<; (b) is much more 
rapid than (a), that is, if diffusion cannot supply water to the 
:;urfacc as fast :lt-i it is removed by evaporation, strains involving 
per:;istcnt deformation are set up. This generally happens to 
some degree when gelatin materials arc dried, because of the 
necessity for rapid drying. 

T he factors involved in the rapid drying of gelatin can readily 
be observed if f ree\)' suspended cubes of gelatin jelly are dried 
in an atmosphere of low relative humidity. The water is first 
removed from the corners and edges; this corresponds to the 
fact t.ha.t, in photographic pilttes and films, drying s tarts from 
t he edges. With continued drying of the cubes, a peculiar shape 
is developed, v .. ·hich indicates that very great strains arc set up 
in the drying (Figure 32). These strains can be observed 
directly with a polariscope. In gelatin layers drying on sup
ports, such as glass or film, the strains are held in check at the 
irr t.crfacc between the support a nd the gelatin or emulsion. 
With im:reascd d rying as opposed to swelling, however, the 
gelatin beeomes more and more rigid and resistant to stress. 

The forees operating at the interface during drying may be 
visualized in another way: The swelling of photographic emul
simrs is confined to the direction perpendicular to the support. 
Similarly, on drying, t he contraction is confined to this direc
t ion. Since drying docs not take place exactly reversibly to 
l;wellin~, a new .:;train is produceJ in lhc material. Gelatin 
sheets subjected to swelling undergo some lateml as wei.I a.s pcr
pcudicula.r expansion. The contraction of lll'ea duriup; the dry
ing of free swollen gelatin sheets cannot readily be measured, 
heeausc the material eurls and cockles. The contnrcting tend
ency can, however, be measured in the following way: Jf the 
gelatin lli coated on supports of known rigidity and thickness 
and d ried, lhe degree to which the rigid support is bowed is a 
measure of t he contractility of the gelatin. This lateral con
tmdion of the gelatin is the .chief cause of it.s tendency when 
dry to strip from the support. If, on the other hand, the ad
hesion between the gelatin and the support is very strong, drying 
and the resultant contraction can exert a tremendous force upon 
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the support, which may break or shatter under the st ra in. 
Thus, it is possible lo shatte r glass or extract slivers from its 
surface during the drying operation. 

Fw. 32. Undricd and dried gcbtin cubes. 

When a photographic emulsion is processed, it passes through 
a series of solutions which vary greatly in acidity and al kalinity; 
and changes are produced in the swelling of the gelat in wh ich 
arc of considerable importa nce in practice. The alkaliniLy of 
developing solutions wou ld induce great swelling if it were not 
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for the salts present. After development, the film is rinsed, 
the salts are diluted, and swelling is increased . Then the film 
is transferred to a fixing bath, which is usually acid. Here, a. 
great strain in the gelatin structure is produced, which can be 

Fw. 33. Enlargement s1wwing reticulation on an emulsion film 
after processing:. 

mitigated by the use of hardening agents. After fixation, the 
film is washed again, and swelling increases unless the film has 
been thoroughly hardened. Swelljng increases rapidly with tem
perature and renders development processes difficult in tropical 
countries. The rate of washing of processed film is a function 
of the pH of the wash water, and the washing time is greater 
at the isoelectric point pH 4.7 than at pH 7.8 or pH 4.1. The 
time of drying, however, is a minimum for film washed with 
water at pH 4. 7; this is due to the fact that less water is taken 
up during washing at this pH. 

Reticulation is a condition produced by swelling and de
swelling of the gelat in operating simultaneously but not at the 
same points (Figure 33). It can be brought about by simul-
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tancous or successive treatment, of the gelatin with swelling and 
dehydrating rcagcnt.'l.2'1 A very common cause of ret.iculation 
i:;; t he usc or wash wfl.ter much warmer than the procc&Sin,a: baths. 

Hcticulat ion not only in
volveto:i t.hc product ion of 
mechanica l relief but n. 
movement of the parti
d es of the image ; t.hese 
tend to aggregate in t.he 
ridges of the pattern, or 
grain, and to hceome 
fewer in t he intervening 
valleys. T his i.s an a t:
tual migration of silver 
particleH owing to Len
sian, similar to t.hat oc
eurrinp; J uring the dry
ing of moi:;ture spot.s; tl1e 

F w . 34. Diagra m of t he migr;1tion of s ilver silver particles aggregate 
part icles in a water spot. i n t he drying edge (Fig-

ure 34). An observa.
t ion hy Freumllieh perhaps throws further light upon t his effect . 
He fou nd that suspended particles moving in an electric field 
migra te t hrough p;el:t.tin jellies almost n.s ea f-l ily as t hrough wa t-er. 
This show:; that within the je lly, under eerta in conditions, there 
i.-: a high degree of mobility of solid partidcs coated with gcln.tiu. 
This a :;;pect of reticulation is proba bly a fa.ctor in p roducing 
gn~ininc:s:s in t he photographic irnage. 

T HE l'IWPEitTIES OF C: ~LATI N 1:-J HELATIO :-J TO ITS 
U::iE ll\' E.\IULSIO.:--l"-:'vl AKL\' <1 

The ,a:elat in used in n. photographic emulsion is by no means 
an inert. currier of t he ~i l ve l· halide grain:-;. It behaves very 
d iffercnl.ly from nilroeellulo:o;c, fo r in:-;tanee, in which it is possihle 
to suspend pn~cipit.at.ed :'il ver bromide but which ha:s mueh less 
effect upon t.he :-;ilver bromide Uwn gelatin. 

The gela t.in has :;eveml functions : 
1. I t :.\CL'> as a proteet.ivc colloid to maintain t he dispersion 

of the silver ha lides and lo proted them from reduction hy n 
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developer wiLhout exposure. Although this action is commonly 
described as that of a "protective colloid," it can be produced 
by non-colloids, and is due probably chiefly to surface reactions. 

2. I n solution, it enables a stable suspension of silver halide 
particles to be formed. 

3. I n the jelly state, it supports mec han ically the microscopic 
particles of silver halide and silver and permits solu b le materials 
to act upon them. 

4. It affects the sensit ivity of the sil ver hal ide. 
5. It combines with, and thus remove::;, t he halogen liberated 

by the action of light. 

The effect of gelatin on the dispersion of the silver halides is 
simila r to t hat shown by many dyes, as pointed ou t by Liippo-· 
Cramer and others. A strikin g example is given by cyanine 
sensitizers. If a sil ver bmmide sol (negatively charged) is 
t itrated with very dilute dye solu tion, a. point is reached at 
which all the sil ver halide is precipitated, a ll t he dye added so 
far being carried down wit h it. If the t itration is continued, 
the silver halide-dye precipitate commences to redispcrse and 
can ultimately be entirely repep tized .25 T he dye does not act 
as a colloid; it is adsorbed irreversibly, exposing the portion of 
the molecules which has no affinity for water, and, when the 
whole sil ver halide surface is covered, the particles, having no 
hold on the water but attracting each other, coalesce and p re
cipi tate. The addition of more dye forms a second monolayer 
but with the ionizable aspect of the dye molecules exposed to 
the water; and, since t hey now have a strong affiuity for wnter, 
the particles dispe rse. Gelatin behaves in a similar manner; 
if a silver bromide sol is titrated with very dilute gelatin a.t 
40° C., when the gelatin i::. molecularly dispersed, a precipitation 
point for both sil ver halide and gelatin will be reached. If t he 
titration is continued wit.h excess dilute gelatin so lut ion , t he 
pr·ccipitate is redispersed. The precipitation point is, however, 
much less easy to reproduce than with dye, ve ry possibly owing 
to the long"er t ime required by the large molecules of gelatin to 
arrange themselves on t he silver· halide parti cles. 

This precipitating effect of n. protect.ive emulsion colloid in 
very small amounts on a suspension colloid has been observed 
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in many cases 26 in a !'ather qualitative way and associated with 
a vague idea of sensitization. It was observed by Amelina, who 
measured the effect of gelatin on the electrokinetic potential; H 

but it is not simply u matter of the electrie charge but, as in the 
case of the dye, of the interaction of water-resistant groups. 
These groups arc responsible for the precipitation of gelatin 
from very dilute aqueous solutions at the interface with Len
zene.28 This orienting factor has been indieated repentedly by 
Sheppard n but is seldom considered in the literature of colloids. 

It is generally agreed 30 that the proteetive substance must he 
strongly adsorbed to the surface of the part icles protected, and 
it may be assumed tlmt certain active groups nrc those through 
which attachment to the surface atoms of the silver halide is 
efTected. While, <:onventionally, these groups may be assumed 
to form only a monomolccula.r layer, their e!l'ect may extend to 
a layer scvcra.l moleculci'i deep; in the case of gelatin, the molecu
lar depth i~"> prob11bly not the length of the molecule itself but 
the thicknes.'> of a chain or net. Every particle of silver halide 
may be conceived us surrounded by a v;elatin layer a.U.uched to 
the grain nt various points by Lhe active v;roups of the gelatin, 
which produce H-U inactivation of the surface of the silver halide 
particles, dependinv; upon the pH and pAg values. ' Vhile this 
protective aetion of t.he gelatin re~trains flocculation, it docs not 
prevent the J,!;rowth of the silver halide gr ains provided that there 
i.-; present a solvent for the silver halide, such as ammonia or 
excess of soluLie halide. In this proce:;s of grain growth, t he 
active groups of lhe gelatin attached to a particle are disphtced 
by the more active solvent molecules which dissolve the silver 
halide in the funn of a. complex, and thus the particle can grow 
in spite of the presence of the gelatin. 

It appears that a. prot.cdive eolloid is not essential to dis
persion. Stahle sols of silver halitlc can be prepared containing 
either execs.<; posit ive (Ag+) or· excess negative (Br- ) ions. T he 
d ra.rgc here is rev;arded as a.ssuring dispersion by the electrostatic 
repu lsion of Lhe ehargcd partieles. This, however, is secoudary. 
The csscnlial fador is the water atmosphere polarized about the 
ion ic smfac:e and, thus, the " homolo~i:.-.ing" of the :;urfacc to 
the )';olvent. medium.* (This aspect is brought out in a. :;tudy 

• Jo:xpr~l!llionof J. W. ~I<.:Bnin . 
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of the reverse process of coalescence. 31 ) ::\I ore complete con
sideration of the charge of a silver halide shows that its impor
tance is generally overempha:;ized. A great many statements 
in the literature concerning protective colloid action relati ve to 
silver halides and, particularly, gelatin arc worthless because of 
lack of control of pAg and pH. This is particularly so as re
gards the protection of unexposed :si lver bromide from reduction 
by a developer. 

It is often stated that silver bromide precipitated from solution 
in the absence of gelatin and treated wi t h a photographic de
veloper wiUwut exposu re to liA"ht is immediately reduced. In 
fact, by very careful sedimentation, layers of :;ilver bromide free 
from gelatin may be obtained, on which de velopable latent 
images can be produced by light, a lt hough it i.'i neces:;ary to use 
very dilute and highly restrained developers. Plate:; coated 
wit h these sedimented layers prepared from sihrc r halide sob 
were used by Schumann fol" the photography of the extteme 
ultraviolet, which is nhsorhed hy gelatin. LUppo-Cramer ~~ 

pointed out that layers of this type arc produced by the sedi
men tation from the sol condition of part icles protected by ex
ternal bromide ions, and t hat very little coag;ulation intervenes. 
Dilute stable so[.<; of sil ver bromide pr·epared by maintaining an 
excess of bromide behave in the same way as layers sed imcnled 
from the sols, since latent images can he developed in t hem; 
that is, the sols show a relanlation of reduction relative to that 
of the coag;ulated form of the Rilver hromide free from bromide 
ions , which is reduced immediately. Ag;:l in , in this connection, 
the importance of t he pJ-1 and p Ag; values must he emphasized; 
a ~el atin emulsion at pH 4 and pAg < 5.0 is spontaneously re
ducible by alkaline developer:;; a :;il ver bromide sol at pAg 7 ...., 8 
and pH ...., 7, free from gelatin, develops a latent image free from 
fog. 

Reinders and van Nieuwenhurg 33 experimented on the effect 
of gelatin on the reduction of finely divided crystalline silver 
ch loride, which they prepared by blowing air t hrough an am
moniacal solution to remove the ammonia. They found that a 
concentration of gelatin as low as one part in one hundred 
thousand produced a notable restraint on the rate of reduct,ion, 
the effect increasing with the concentration of gelat in up to 
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]./.;! per cent. However, these experiments were carried out with
out control of pH and pAg. In their discussion , the authors 
assumed the reduction of silver ions in solution, whereas the 
reaction probably takes place in an adsorption layer on the solid 
phase. I n this connection, reference shou ld be made to the 
suggestion of Schwa rz a nd Urbach 31 that developability results 
(with reducing anions) from the removal of negative charges 
(13r ions) from the surface of silver halide, permitting negatively 
charged (anionic) reducers to approach the surface (Chapt er 
VIII , p. 3l !l). In agreement with this may be cited the work of 
Lottennoser 3~ on the effects of high molecu la r positive ions on 
the reducibility of sil ver halide sols. 

The protective action of gelatin can thus be explained in terms 
of the definite chemica l behavior of ions and molecu lar group
ings. The true colloid functions of gelatin in photography lie 
in its physica l properties: its mechanical support as a viscous 
medium in solution, in the formation of jelly which supports the 
grains of sil ver bromide but allows reagcn ts to have access to them. 

In add ition to this , it has been suggested that a combination 
between the gelat in and silver halide takes place. All cvidcnee 
in support of this is indirect, but, in view of the chemical struc
tu re of gelatin and the known relation between some of the 
groups contained in the amino acids and silver bromide, there 
may be direct chemical adsorption of gelatin to the sil ver halide. 
Sheppard 36 found that thioanilides, such as thioacetoanilide, 
form notably stable compounds with t he silver halides, and these 
are not readily decomposed to silver sulfide or reduced to mebllie 
si lver. This he associates with the capacity of th ioani lide::; to 
reduce fog and cut down sensit ivity when added to an emubion 
prior to exposure and to interfere with development if the emul
sion is treated with them after exposure. He suggests that a 
:similar action is operative in the case of the imidazole compounds, 
which are well known to reduce fog either if added to an emul
sion or if present in the developer. Thus, nitrobenzimidazolc, 
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i:-; :w active antifoggaut. T he imidazole nucleus, 

~1!-N"-cn, 
CH-Nn/ 

c·an he regarded also n.-; a ttaching to silver bromide by the clcc~ 
trovalency of t he doubly bonded nitrogen, 

Ag+ 
CH- K -
11 "en+ n,-, 
CTI- N J[/ · .. . 

a nd, again, hy rearra n~ing and splitting ofT H Br, 

[CH-N~ l II en · ·ITBc, 
cn- N/' 

ns in l.l10 cnsc of thioanilidcs. The double holl{h still remaining 
would supply a further force of residual attraction. 

The a mount of an :.ctual imidazole nucleu~'>-conktining body, 
viz. , histidine, in the hydrolysis products of gelatin is quite ::;mall, 
not more than one per cent. The amount of arginine, 

iR, however, fa irly large, 8 to 0 per cent; and .-.inc:e this eont..'l.ins 
the group > C= KH, it may he con~idered to ucL in the same 
wa.y, that is, to be a t tached to silver bromide by t he polarity of 
t he double bond, 

Ag+ : - N H 
: I n..- : +C;;:, 

forming a n oriented adsorption layer in terfering with floccula
t ion and recrystalliza t ion a.s well as with r·cduct ion to silver. 
T his latter possibility becomes more reasonable if t.hc ad.wrption 
theory of development is considered. I n this, it is suppo~ed 

that the reducing ions are first adsorbed1 by electro- or contact -
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adsorption, as 
Ag+-·l- ·R

Br--:--Na+, 

and that the Ag+Jl- complex undergoes rearrangement in situ, 
pmducing metallic silver and oxidized reducer (Chapter Vlll, 
p. 316). The structure of the silver eompound with histidine 
is still uncertain; it may be a co-ordination compound ra ther 
than a repla.eement of imino-hydrogen. The mode of combina
tion of arginine in the gelatin molecule is also uncertain; it does 
not begin to function bas ically until very high pH values a!Hl 
the Rilver-ion titration curves of punjied gelatin (with the sil ver 
electrode) do not reveal any discontinuities or changes of slope 
in the pH-pAg range which is important in photography .n 

(Figure 35) . 
Thus, apart from specific impuritie.~, the silver-ion combining 

power of gelatin- its reduction of silver-ion activity-appears 
to be controlled mainly by co-ordination of si lver ion a nd amino 
(and perhaps imino) groups. Dut, while the primary function 
of gelatin is to increase dispersion and produce a restrain t on 
development, difTerent gelatins having similar colloidal proper
tics may have very difTerent effects upon the sensitivity of 
emulsions made with them. Thus, emulsion makers select gela
tins to produee the effeds which they require and elassify 
gelatins a::; ''active'' or ''good,'' on the one hand, and ''in
aetivc" or "slow," on the other. 

During the period 1!120-1925, photographic cherni:-;ts been me 
convinced that there must be present in "good" gelatin a :-;cnsi
tizing subst.a.nr:e or substances which profoundl.r modifi ed the 
sensitivity of the silver halide grains. In H)2:l, Sheppard 38 

published a paper in which he described the isolation of sulfur
bearing sensitizers which occur naturally in some gelatins. By 
selecting the gelatin samples, Sheppard was able to prepare 
emulsions which resemh lerl one another in jelly strength, grain
size distribution, and general chemical composition of the silvc1· 
halide grains, yet varied widely in speed, contrast, and freedom 
from development fog. With R. F. Punnctt, he sho,ved that 
an extract eould be prepared from a gelatin which would produce 
fast emulsions \vhich, when added to an emulsion made with a 
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"slow" gelatin, conferred higher speed, so that the ext. nwt 
containecl a Hensitizer. Assisted by J. H. Hudson , Shcppnt"d 
made a :;eareh for the sensitizing materia l, starting with the 
variou:; stage,; in t he process of gelatin manufacture from raw
hide. During the sea.reh, it was found that the acid liquors 
used to delimc the swollen hide sho w apprecin l>l c sensiti;~.ing 

power. 13y evaporation or by preeipitat.ion of a.hnnin um hy
droxicle in the liquor·, a :-;lndge was secured which held t he sem;i
t izer. The slud).,\"e, treated with aleohol and filtered , yielded ~L 

solution and a. residue, which were examined ae<:ording to the 
diagram below: 

He~<idue 

,.. ,., ru~l wit.hwat.•rand 
ngain<·xtrnctcdwith 
a!<'<Jhul. Sulutiu " 
showed high o.ctivity. 

I 
Precipitate Jl, 

WMhcdwith wa\<Jr, 

w:.,h in~~:~< a(ledLoB, 

r~,t.ra<·ktl with 
wannalo·olwl. 

On cooling, white 
prL'<'ipitatei &'J"'ratcd 

PretJipitate l'ilt.rate 
I acti"" 

Howluhl<' in 
muchaJ<,olml. 
Acl i'''"- More 
l!< oluJ.I ., in<•l h<•r . 

cvnpomtcd Lo dryne"", re
di,.,olv~><:l in warrro ;~kohol, 
wnl<'radded.£ormin>(whit.e 
pr<•eipitnte . Jii )ter<_><l 

1-'iltrt~.l.e Bt 

I 
Red oily drop~ 

aepnratedonthe 
eurfaeo. ]' : ~traded 

withethec 
I 

Aquoou~ hycr Eva l~"''dt><:l 
frncd from ofiet.lu·• 

ether by aeration rcdi&<oh·nd in 
nndhent. Te"t ulcohoi. 

showed m>aclicil!l. l"olution ,cr;vc. 

The active material in the :-;Judge from tire Jeliming liquor 
was named, pmvi:-;ionally, Gelatin X . It proved to he soluble 
in lip;roin , so t hat u. ligroin extract could he used for further 
investigation. This extnwt dried down to a re( ](li:-;h wax con
Histinp; chiefly of cholesterol, whieh was at fir.-;f, thought to be 
the sensitizer. However, pure cholesterol fr·om other sources 
proved photographica ll,r· inactive. The search was continued 
for a.n impurity in the cholesterol. T he substance might be an 
associated sterol, or it might be some qui te unrelated body. 
As sources of sterob, vegetable seeds appeared more convenient 
tha.n glue liquors, and here the Jmrvest was plentiful. Bca.ns, 
peas, cereals, awl even alfalfa yielded potent extraet.s. The 
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sensitizer appeared to be assouiated \Vitl1 phytosterol hut was 
not itself a sterol because it was found to be shared in varying 
degrees between the sterol and certain solvents. E ve ntually, 
a concent rate was obtained from black mustard seed which was 
,<;o much more effective than the other extracts that "Gelatin X" 
became reasonably identified as allyl mustard oil or some corn
pound elosely related to it. 

Following t.his broad clue, the combinations of the a llyl radical 
with radicals con ta ining sulflll' and other likely elements were 
examined to locate the source of the act.ivit.y. It beeame ap
parent that only t.hc isothioeyanate group has sensitizing power 
and that the mere presence of sulfur, per se, was noi suflit'ient. 
The sensitizers were intense ly active, quanti ties varying from 
one to three parts in a million exerting a measurable effect ou 
emulsion speedR. It is little wonder that such minut.e t.raees 
had lonj.\: escaped detection in photographic gelatin. Following 
the di scovery of plant seed . ..,; m; an independent ~ource, the sensi
t iwr was again isolated from dcliming liquor-s and shown to be 
similar to all_yl isothiocya.na. te or all.yl thiocarLimide. 

The mode of intemction with silver salts was then investi
gated.* The sensit izer is efTective only in the presence of alkali 
sufficient to produce ammonia or free amino groups with which 
it rea.cts to form thiocarbamide: 

/~H·R 

lt·N: C: S + Nll, ~ &=eC"Ni i, ' 

:tTHl it was found thai any oq~anic substance containing the 
grouping 

such, for instance, as allyl dicthyl thiourea 

/NH· CJHs 

s~c" 
N(C,U,), 

can act as a. Rensitizer. 
*The artion of the sen~i tizer wii.h lhc "ilwr bromidf' and it$ effect llpon the """"it ivity 

ofthn emulsion arodi""ussedmorc ful\yin (;haptt.r IV, p . 153. 
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The first stage in sensitizing, therefore, is the conversion by 
ammonia or an amino body to amide of any sul fur-bearing 
material available in imide form. The small a mount of th io
carbamide in t he emulsion t hen attacb the grains ami forms 
small areas of a n addition compound: 

where m a nd n are simple integers; in the most important case, 
1n = n = 1. When this compound reacts with alka li, i t is con
ve rted into silver sulfide. 

:-;heppard's work _estab lished definitely the importance of alien 
sulfur compounds in gelat in , which proJucc si lver su lfi de on the 
si lver halide grains during the making of the enml~ion. T he 
ciTed of th is sil ver sulfide in producing an increase of sensit ivity 
or r t he grain is discussed later (Chapter IV). 

Following Sheppard 's discove ry , it became evident that the 
amount of labile sulfu r in gelatin is of t he utmost importance 
in relation to its photographic properties. Evidently, much 
depends upon the cri terion of lability and, in tu rn, upon tire 
arrulytica lnrethod. The criterion here is the formation of sil ver 
su lfide under specific conditions. Sheppard and Hudson 39 

worked out a method for the determination of the total sulfur 
in proteins mrd for the determination of t he labile su lfur, that 
is, t he l:iUifur which forms sil ver sul fide under certa in definite 
cond it ions, in volving the microchemicn l dete rmination of t he 
sulfide ion. The princip le of the method is the decomposition 
of the sulfur-contain ing body with an ammoniaca l solution of 
silve r chloride to form silver sulfide. The sil ver su lfide is qua n
t itative ly decomposed with concent rated hydrodrloric acid to 
form hyd rogen :-;u lfidc, which is dri ven off by a current of ni tro
gen a nd absorbed by p-aminodimcthy lan iline solu t ion to form 
mct.hy lcnc blue, this being est.' mated colorimetrically. 

This method can be considered only as an over-all or break
down method. The high temperature and high al kalin ity make 
sulfur rcact.ivc to sil ver which would not react under the mi lder 
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conditions prevailing in emulsion pr·cparation. The method, 
however, has been modified by Sheppard and Ballurd to deter
mine the silver sulfide (and silver) formed on grains in normal 
emubion-muking procednre:-;.~0 It may be noted that cystine
bound sulfur must be reduced by :-;ueh powerful agent-; as 
sodium. stannite before it will react completely with s ilver ion 
to form silver sulfide. It is improbable that either cystine or 
cysteine sulfur in gelatin reacts in emulsion-making to form 
silver sulfide, hut some of it appears to react under the conditions 
of t.he original Sheppard and Hudson procedure. Again, it is 
desirable to ma ke a determination of sulfide-ion sulfur on a 
separate sample by aeration of the acidified solution of gelati n 
and a bsorpt ion of any hydrogen sulfide. This sulfide sulfur 
appea r.:; to he associ:Ltcd with the for·mation of colored fog.-;, 
Excess of labile sulfur of the sil ver complex forming type tends 
to produce black or normal chemieal fog.41 Coloretl fogs arc 
due to nuclei of silver sulfide separated from the grains, which 
aet as centers of physical development . The over-all ana lytical 
method was s tudied by Bekunoff,42 who adopted it wil.h slight 
modifica tions. Bekunoff and Chibisoff 4a found a rela tion be
tween the totallabilc sulfur in a gelatin and its tendency to pro
duce colored fog if the emulsion is developed without bromide. 

The discovery of the presence of a lien sulfur compounds in 
gelatin and of the importance of the labile sulfur eontcnt did 
not, however, d ear up entirely the riddle of the behavior of 
different types of gelat in used for makin~o1; emulsions. The l:thile 
sulfur in gcb t.in exists in various forms, some of which a id in the 
production of sen~Sitivit.y, while others tend to produce dichroie 
or gcueral fog. In addition to this, gcla.tin undoubted ly <:on
t.ains a.utifogging and desensitizing components. These may be 
of the na.ture of imida.zoles or azines, in accordance with the 
rliseussion by Sheppard mentioned above. At the present t ime, 
so many compounds are known to have antifogging, s tabilizing, 
or descm;itizing effects that it is pmbably impossible to limit to 
these two classes of compounds the traces of foreign subsbnees 
which ma.y oe<~ur in so complex a ma terial as gclalin. 

'Vi thin the h st. few years, a great num ber of suhst.ances have 
been d iscovered to be cfTcct.ive in controlling: fog and s t.a.bilizi ng 
the grain sensitivity of emulsions, a nd some of these may be 
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present in gelat in. A paper by Makaroff, Pobedi nsky, and 
P ulina 4·1 summarizes t he matter fairly well . They divided gela
tins into classes acco rd ing to their content of fo reign su b~tan ccs 

and attempted to define t hese classes by the changes whieh 
occur in the properties of the emulsion during its prepa ratio n. 
The authors claim that the qual ity of a gelati n can be cva lual.ed 
by the 'Y *at the end of the first r ipening, hy the increase in the 
light-sen~itivity in the second ripe ni ng, and by t he incrense in 'Y 

du ring the second ripen ing, the second ri pen ing taking place 
after· washing a nd, therefore, in the p resence of very small 
amou nts of free bromide. Using these criteria., t he authors 
classify gelatins as follows: (it must be r·emembered that the 
emulsion-maki ng method u:.;ed is that invo lving tire use of free 
ammonia,) : 

Class I. T he gelati n contains a small amount of sensitizing 
materia l and no desensitizing materia l. The emulsion has a 
low 'Y value after the fi rst ripening. During t he second r ipen
ing, a considerable increase of light sensit ivity and 'Y occurs. 
Such gela tins produce emulsions of high light-sensitivity. 

Class I I. T he gelatin conta ins a smn ll nmount of desensi
t izing substance anrl possibly slightly more sensitizing mat.crinl 
t han gelatins of the first class. The emulsions have a slightly 
higher 'Y value after the first r ipening. Rcn.<~ i Livit.y increases 
ve ry li t.t lc dming t.he second ripening. Such gelatin.<~ produce 
emulsions of moderate sen.<~ i t. i vity . 

Class rr l . The gelatin cont.ains a .~ma ll n.mount of Hcnsit.iz ing 
material an(! a la rge amount of desensitizing rnat.cria.l. The 
emulsions have n high 'Y value nft.cr t he first ripening. The 
sensitivity dcereascs somewhat during the second ripen ing. 
Such gelatins pr·oducc emulsions of low sensitivity . 

Cht88 IV. T he gelatin conta ins a large a moun~ of both sensi
t.izing and dcse n~iti zing materials. T he emulsions have a high 
'Y vnl ue and show considerable fog after the first ri pening. The 
light-sens itivity is appreciably lowered during the second ripen
ing. Such gelatins p roduce emulsions of low sensitivity and 
high fog. 

Accordi ng to t he Russian workers, there fore, photogrnphic 
gelatins can be classified not only by analysis for lahil c su lfur 

* -y i~ th<Jalop<Jof the atn•ight line portion of tho•• eharacU>ristic curve•· (Chapter V). 



THE PREPARATION AND PROPERTIES Of GELATIN 99 

and cy:-;tine, as well as for· free sulfhydryl compounds, but by the 
cha nge ·of sensitomet.ric values which occurs during emulsion
ma-king. 

T he physical aspects of the matter are diseussed by Chibisoff.45 

He considers that the most characteristic feature of the fir"tit 
ripening is the increase in size and decrease in t he number of 
grains, which causes a drop in the 1' value during ripeniug. 
Thus, with any gelat in, the sensitivity of the emulsion increases 
during t he fir:;t ripening, while 'Y drop:;, The chara.cteris t.ie of 
the finishing, or second, ripening is the changed condition of the 
su.rf:tcc of the grains, which involves a complex change in sensi
ti vity; but, since any change in the surface is identical in grains 
of different sizes, a simultaneous change of the 1' vnluc is noted. 
Thus, a n empiricnl rule cau be formula ted from the increase in 
sensit ivity ami the change in 1' by which the propert ies of the 
gclat.in cun be l'ltated. 

The eonclusions of Chibisoff have been eritieized by T rivelli 
and Smit.h/ 6 who prepared emulsions wit.h a standard gelatin 
and then used various gelatins for setting and ripening aflcr 
washing. They applied the Bravais-Pearson correla tion coeffi
cient to the relntiom; between the value of 1' before washing and 
the rise of 'Y in digestion, and those between the value of 1' and 
the rise of sensitivity. They found that the first relation :-:;howcd 
s trong correlation but that the increase of sensitivity during 
tlftcr-ripening is not related to the value of 'Y obtained in the 
unwashed emulsion. 

In an ans wer to this criticism,· ChibisofT 47 considel'S tl1:1t 
Trivelli a ud Smith should h:we used the gchtin under test 
throughout the emulsion-ma.kiug process instead of using a 
stu.ndard gelatin for precipitation. 

The cla .. ';sifieation of gelatins given above is necessarily 1'peeu
ht.ive because it is not possible to give independent v~rltH!S for 
the sensitizer inhibitor ratios and absolute values. In fact, it is 
possible to : 

( I) increase the sensitizer content while keeping the antisen1'i
t izcr constant although unknown in amount. Sheppa rd ~1 found 
that this produees an initial incn~ase in both speed nnd -y , followed 
by a. pc1·iod or <:onst,ant 1' and inereaRing spetld, and a subsequent 
period of decreu~ing speed and 1' (\vith rapid increase of fog); 
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(2) remove simultaneously most of tho adsorbable sensitizers 
and fore ig;n inh ibitors (non-gelatin ). This is effected by pre
t reatment of the gelatin with silver halide. Sheppard 40 found 
t ha t, th is produces a continued increase in speed without appre
cinhlo change in 'Y, which remains very low. The time of devel
opment is prolong;erl, however, beyond praet.icallimits ; 

(:~) remove the inh ibitor, \vit h an independent adjustment of 
the sensitizer. The immediate effect of this for comparable 
digestion times and temperatures is to increase both speed and 'Y· 

The modification of gelatin by treatment with silver bro
mide, silver sulfide, and silver is discussed by Chibisoff and 
l\likhailova.a They conclude that gelatin contains substances 
one gmup of which have an influence upon the dispersion of the 
silver halide p reci pita te, wh ile other materials act as sensitizers 

~ during the di gestion of the emulsion. 
Silver bromide and si lver sulfide adsorb substances from the 

gehLtin seleetively a nd thus affeet the proper ties of emu lsions 
made with it. 1\letallie silver also changes the propert ies of the 
gelatin, inhibiting the Ostwald growth of the halide grains during 
the ripening of ammonia emulsions. The ge latin is so affected 
that it becomes soluble in alcohol. 

TH E HAlWE~lN"G OF GELATIKS AKD El\fULSIONS 

By the hardening of gelatin is meant a process similar to the 
tanning of rawhide (formation of leather), which produces 
(1) a reduction of swell ing in water and aqueous solutions and 
(2) an increase in t he temperature required for solution in water 
- the so-called melting point (M.P.). The hardening also pro
duces an increase of the apparent viscosity of gelatin solutions 
and a rise in the temperature at which jelly forms-the selling 
point. The methods of measuring melting point are necess:trily 
arbitrary, involving a definite rate of heating and definite agita
t ion. Swelling may be measured by the change of either weight 
or volume as, for instance, hy the water absorbed, caleulated as 
a percentage of the gelatin present. Certain other practical 
criteria of photographie hardening are mentioned later. 

As an ind ication of "hardness," Bcrczely ~ 0 and E!Od r.o used 
a waRh-off period, the time required to wash the gela.t.in from 
an adherent substrate with a regulated spray of water of con-
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stant temperature. This method docs not seem to ha.vc much 
ad vanLngc. Apa1-t from the uncertainty of an end-poin t, the 
tcmpcmLurc of the wash water mus t be :ldjustcd to d ifferent 
values corresponding to l'vLP., for variou::; deJ!;rccs of hnrdcniug. 

Gelat in is derived from the collagen of hide by processes which 
do not involve any very considerable chemical chaugc, and the 
fumlamenta.l chemical react ions between tanning agents ami 
collagen a re much the same as between these tanning agents and 
gelatin. There are, however, certain hnportant difference:,;. 
These nrise both from the aetual physico-chemical differences 
between hide a nd gelatin and from the difference in the usc o f 
t he product. Hide contains, besides c:ollag:en, proteins hydro· 
lyzable with more d ifficulty, such a :-; elastin and reticulin ; and 
it has :~ microscopic fibrous all(! porow; .st ructure which is a bsen t 
in gelatin. In ta nning, while there i:-; an int imn.t.e reaction of 
tanning reagen ts with the interior of the fibcn;;, perhaps t he more 
important pln~sc is the external protection of the fibers against 
hydrolysis and the deposition of water-proofing colloidal mate
rial in t he in ters tices between the fibers a nd fi brils. In the 
hardening of photographic gelatin, such a deposition is per· 
missiblc to only :t slight degree, since it would lead to t urbidity 
und loss of transparency. V{hile some hardening reactions, 
therefore, arc t he same in principle a:-; tanning read ions, limited 
in degree and range, other reactions of t a nning agents cannot 
he used in gelatin hardening. }'urthcnnorc, the collagen is 
u.sun.lly comparable with lime-processed gela t in, while gelatin 
may :1-lso be obtained by purely acid proces.')ing (p. ()I ). 

Photo.c:raphic materials arc hardened at two points for differ
ent purposes : 

1. They :ue h:trdened during manufacture to give protection 
agains t softening and st icking at high tempera.tures and humidi· 
t.ie!->. Thi.!s requires hardening of t he gelatin emulsion prior to 
coating. The hardening agents and products must not affeet 
t he sensiti vity and other photographic qua.lit.icH. Also, the 
hardening should not iuereasc j.!;reatly wit.h the keeping of t.he 
materia l and must not affeet the speed of devclnpment or the 
life of the latent image. 

2. The muterial is often hardened cluriug proce~~ing t.o keep 
the wet gelatin firm and undisturbed throughout t.he processing 
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operations. This is especially necessary if the processing is 
carried out at temperatures higher than normal. Elevated tem
peratures tend to produce softening, solu tion , and hydrolysis of 
the gelatin ; hardening is not a complete protection , because a 
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Fw. 36. Curves showing the effect on water absorption of 
heating gelatin at 105--110° C. 

combination of hardening and softening actions leads to reticu
lation (see p. 85). Since most harde ning reactions have a high 
temperature coefficient (v, inj.), reticulation occurs in hardened 
gelatin treated with solutions or water (particularly at pH and 
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other conditions favoring swelling) at higher temperatures. In 
general, ha rdening agents may be introduced into the emulsion 
prior to coating, before development or during developmeut, 
between development and fixation (in stop baths), in the fixiug 
bath, and aJter fixalion. 01 

Gelatin may be hardened by simply heating it in the dry st-ate. 
Hofmeister 1 found that gelatin heated for several hours at 
130° C. could be dissolved 
only by boiling for hours. 
Bogue &2 made a similar ob-
servation on glue. A study 
of the effect wa.') made by 
Sheppard and Houck, ~ 

who measured the harden-
ing by determining the ".-., ·
water abwrption at 15° C. _ 
from a buffer solution ~ AOO(l 

(0.001 N acetic acid-sodi
um acet.a.tc) at pH4.95, this 
being the isoclcctric point 
of the gela t in. The results 
of heating at 105°-110° C. 
are shown in Figure 36. 10 10,. .......... ..., ao 

""'' ><~ATtO ("""'U) 

It is seen that the water- Fro. 37. Rebtion between (C - 200F 
absorption values (at swell- aud the time of henting. 
inl!: limit) decreased steadily 
with time of heating and approached a limiting value, after 
heating for two months, of 200 per cent. T he value for lime
processed colbgen nlso b nhout 200 per cent at 15° C. Gelatin 
brought to this s tate is insoluble in wa ter at 70° C. for ordinary 
periods of t ime. After even five hours' heating at 110° C., it is 
incomplet.t:~ly dis..<;olvcd by hot water. 

As the reaction ·variable, proportional to t.he concentration of 
origina l gelat.in, Sheppard and Houek used the equilibrium pcr
centrtgc regain in weight by the absorption of water for a snmple 
of gelntin heal.ed for t,ime t minus t.hc equilibrium pen:cntage 
regain aft.er he:ti.ing for infinite time, C- C .. ; for C..,, the value 
was 200, as stnt.ed. A graphic ana lysis of the reaction curves 
showed that plots of (C - 200)2 against t give straight lines 
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(Figure 37) . T his conesponds to 

1 = kt; 

hence, 

~ = k(a- x)-1, 

as for a tcrmoleeular reaction. This expression is valid for tem
peratures from ()0° C. to 116° C. It is believed to be va lid 
below !)0° C., bu t the mtes of reaction arc too low to make 

··-r !? 

I~OOt.!>, 
l"w. 38. Rnte uf change of the velocity constant of insolubilization uf 

gelatin with temperature. 

measurements possible. At higher temperatures than 116° C. , 
the J!;clatin heca mc yellow and showed signs of decomposition 
and charring.* The va lues of t he velocity con:;tants at diffe rent 
temperatures arc a;; follows : 

Temperat11re 

1S.6 
84.4 

150.0 

Applyin~ the Arrhenius expression for the effect of tempera
ture on the rate of reac tion, 

• Probably tho mcu uremcntB should be repeated in the\ abflcnee of air. 
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in t he intev;rated form, 

k, A ( 1 1 ) 
log~:; =n 'I';-~' 

the con::-;tant A equals the slope of the graph of lop; k vs. 1 / 'I' 
mult.iplie(l by 2.30:3 X UJ8 (.Figure 38). This gives A = 23, IGO 
caJorie:s as the heat of activat.ion of the gelatin. 

PHOTOCHEMICAL HAR.DE NIXG 

A further justifieation for the end va lue of 200 is obtained 
from data on the insolubilization of gelatin by u ltraviolet light, 
which was followed by Brin tzing;er an(l :Maurer/"'1 who mea;;ured 
the reduction of swelling. Using the limit value of 200, a fair 
approximation to the termolecular expression was oLtained 
(Figure 39). The equivalent temperature, corresponding to the 
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~ 4 5 ' 
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FIG. 39. Insol nhilir.ation of gelatin hy ultraviol et ligl1t. 

high velocity indicated, il'l much higher than that to which gela
tin can be heated (in the presence of air) \vit.hout decomposition. 
Hut many photochemical reactions ::orrespond to thermal rea c
tions at umealizahle temperatures, because with heat many side 
reactions are stimulated, which the selective absorption of light 
doe:; no t produce. The hardening of gelatin by light of wave 



I 06 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

lengths shorter than 300 m,u. is of considerable importance, as 
indicating which molecular groups in gelatin are concerned with 
insolubilization. 

The self-hardening of gelatin may have a defi nite connec
tion with that produced by ligh t as well as by inorganic and 
organic reagents. An interesting observation of this is reported 
by Galinsky.55 She states that exposure to light of a gelatin 
solu tion containing dichromate, followed by precipitation with 
acetone, gave an insolu ble ash-free gelatin , i.e., containing no 
chromium. T his ~~:clatin was chemica ll y indist inguishab le from 
the original soluble gelatin. The bich romate appears to have 
acted as an optical sensitizer for a reaction which otherwise re
q uires u ltraviolet lig:ht. 

The hardening of gelatin (and fish glue) containing dichromate 
by exposure to light absorbed by the dich romate is the basis of 
important photocopying and photomechanical processes and has 
been the subject of considerab le investigation. The experiment 
just referred to suggest;; t hat an optically sensitized process 
(similar to that produced directly by ultraviolet light) may be 
playing a part. It has abo been suggested that oxygen, split off 
from the chromic acid by the light and accepted by gelatin, might 
be the effective agent accord ing to a reaction of the type 

Cr03 + h11 - Cr02 + 0 
Gelatin + 0- Insoluble gelatin. 

A more general opinion, however, is that the insolubilization is 
p roduced by a reduced ch romium compound, corresponding to 
C r111, e.g., Cr20 3 , and, therefore, is the same in principle as the 
chrome harden ing noted later. This view was supported by 
A. and L. LumiCre 06 after its proposal by Eder.57 In terms of 
the c:hromic acid, the photochemical reaction can be repre-
scntcd by 

It should be remembered that chromate and d ich romate ions 
are in a n equil ibrium depending upon pH according to : 

](+ 

2 CrOr ~ Cr,07- · 
OH-
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The evidence of Lumh~re, LumiCre, and Seyewetz for Cr 20 3 being 
the actual hardening agent was based chiefly on analyses of 
lwrdeuod gelatin withstanding boiling water. Eder had sug
gested that an intermediate oxide, corresponding to chromous 
chromate, might be formed by the combination of Cr20 3 wi th 
excess CrOJ, giving Cr30s = (Cr02h hut analytical evidence 
for th is is slight and inconclusive. An expansion of t he chro
mium oxide, Cr20.1, conception along colloid chemical lines was 
made by . .Mayer,"8 who follmved the change of electrical con
ductance with exposure. The bich1·omate is used at such an 
acidity t hat the over-all change ma.y be represen ted as 

2 H+ + C: r~o7- - Cr20a + H~O + 3 0. 

There is, therefore, a large reduction of the number of hydro
gen ions; and the conductivity falls r:tpid ly with cxpo.':lure to 
light. 

The hardenin11: of gelatin by expo.':lure to lil!;ht in the presence 
of certain dyes wa.':l ob.':lerved by Meisling.59 The dyes used were 
erythrosin and auramine. Generally, t he hardening was not 
very p ronounced bu t .'Sufficient to 11:ive a wash-off effect with the 
moist jell y at about 32°-37° C. The sensitivity was about the 
same as for dichromate. .Me'isling thought that formaldehyde 
i.':l formed by t he action of light on the dye, but he presented no 
analytical evidence of this. It is uncertain whether there is true 
optical sensitizin11: or indirect action hy products of the photolysis 
of the dye. Little or no dark hardening was observed. 

Hanlcninl!; processes involving the decomposition of diazo 
compounds in 11:elatin, in which the products have a tanning 
action , arc described.60 

THE MECHAKISM OF THERl'•fA L AND PHOTOCHEMICAL 
l l\'SOLUH ILIZATIO~ 

Hofmeister attributed this change to a reversa l of the hy
drolysis of collagen to gelat in, which he expressed by the equation 

Cul2ll14903~N3, + HzO - Cnr.:11mO:wN3t
colla.o:en 

Apart from the fact that the empirica l formula has little justifi
cation, the measurement of 1 part of water in some 140 parts of 
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gelatin has no si~n ificunce. Actually, the insolubilizat ion eon
i.inues when no fur·ther loss of weight can be measu red. r11 Thi,; 
doc~ not prove that a splittin~ off of water molecules by cor 
dcnsat.ion between OH-containing groups docs not occur, be
ca.use t he bindin~ or primary adsorption of water to soluble 
gela tin is so powerful 17 t hat t he split-off water might he re
ta ined in such fashion. HofmcistCI''s concepLion of a reversion 
to collagen is not to be light l.r dismi.-;sed, though not expressible 
in so simple u. fashiou as he suggested. If gelatin je lly strips 
eont.a ining larg;c proportions of ttlcohol , glycol, or glycerol are 
:-:trcLched some 200 to 300 per ceut and dried, t he almost entirely 
amorphou . .,; X-ray diffraction pattern of the unstretehed gelatin 
change . .,; Loan imperfect fiber diagra m very similar to that gi ven 
hy col! agenY Such s trips do not ::; how any difference in total 
wnter absorption from un.-; ttetchcd gelatin . But, col'l'esponding 
to the orien tation of the gelatin molecu les and crystallites t hus 
induccJ, the swcllin~ (absorption) in the dir·eetion of s tretch is 
gr·eatly reduced; t ha t in directions perpendicular thereto, in
crca."ietl.62 If, however, such :-mpen;tretched strips a re t hermally 
in:-;olubi lizcd, the total water absorpt ion sinks to near that of 
lime-processed collagen. Sheppard and Houck poin ted out also 
tha t t he tcrmolecular order of t he thermal h :u·dcnin~ reaction 
may be significant, as it appea rs t hat for reduct.ion of t.he total 
wa.ter a bsor ption a. reaction in three dime nsions i:s Hecessary. 
This migh t he rega rded :Ls the formation of cro_.;;_.;; condensation 
or polymerizn.tio n in three dimensions. Cross condensations of 
the type 

HI~COOI-T + lh - 0 1[ = H l-C-0-H~ + 11 ~0 

II 
0 

lh --COOI [ + ih- N lfz = H ~-C-NI-T-H2 + H20 

g 
hn.vc been suggested by Speakman a.nd Hirst 63 for the action of 
acids on wool fibers, but the natu re of t he cross li nkages is 
speculn.tive. The condusion appears jus tifi:-~ . b l e, however, that 
the conversion of (lime-processed) collagen to gel:ltin involves 
someth ing more than the disorien tation of long-elwin molecules 
asl:lcmbled in crystallites (p. 62) . H ydrolytic disruption of 
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defi nite chemical intcrlinkages may occur between the long
cha in macromolecu les. .Another alternative might he dhmtption 
of intermoleculur hydrogen b1·idges, such as may be assumed in 
cellulose micelles or crystallites. But there are ma ny rea:o;ons 
to believe t hat actua l ester linkages (between - COOH nnd 
R- OH) occur in these, analogous to t he cross linkages suggested 
in collagen and t herma lly hardened gelat in. 

The thermal hardening of gelatin might also depend upon a 
heat coagu lation of dispersed albumin in the gelatin. 9 The 
a mount of albumin appears too small , however, and experiments 
have shown t hat the addition of egg albumin does not affcet 
t he pmcess. Small amounts of fo rmaldehyde, proUuceU by oxi
da,tive p rocesses on heating, may have an effect, but this requ ires 
fu rtlter i11vestigatiOJ1. 

I NORGA~IC HARDEN ING AGENTS 

A considerable number of inorganic compounds induce per
manent ha rdening of gela.tin (and tan ni ng of hide) . The follow
ing list h; not exhau:;tive but include,; the more importa nt sub
stances and emphasizes t he significance of polyva lency : 

A 
Polyl.a~icoxidc8 

AJ ++ + A],O~ 
Cr+++ Cr,O, 
Fe++ + Fe,O, 
TJ1 ++++ ThO: 
Zr+++ + ZrO, 
Ti++++ TiO. 
Ce>+++ ( 'eO. 
uo,++ uo, 

II 
Polyacido.tide8 

Mixed (helero) polyacids 
Chromates 
!so-compound~, RU('h lUI 

(SiO:) ~lctasi licic :wid 
(P,O, ) (Hexu.-) melnphosphoric llt'id 
(WO,)l\Ietatungstic 
{~ loO~) ~ letnmolyhdic 

(V.O, ) Metavanadic 

For photographic processing in hot seasons or tropical cli
mates,'' tem porary hardening" is used. This conl:iists in loading 
the solution, whether acid or alkaline, with a neu tral salt 6·1 to 
depress the swelling a nd thus prevent peptization or mechanica l 
inj ury. The equ ivalent process in tanning hide, usually car
ried out in acid solution, is termed pickling. SoUium sulfate is 
commonly used. The theory of the process is discussed by 
Procter,6'"' Procter a nd '\Vilson , 6 :.~> and Ktintzel.66 The former 
authors treat it from the standpoint of the Donnan equi lib rium 
(p. 79); K Untze! regards their treatment as inadeq ua te since it 
assumes complete ionization of the protein-acid or protcin-buse 
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compounds. Apart from its practical use, the procedure is of 
theoretical interest as regards inorganic hardening proper, from 
which it d iffers by reason of its ready and complete reversibility . 
A similar, reversible hardening is produced by the addition of 
organic solvents having no swelling or solvent action upon gela
t in but being miscible with 'vat.er. Examples arc the lower 
aliphatic alcohols a.nd water-miscible ketones. 

Certain general features are common to the inorganic ha rd
eners a.nd are best illustrated by particular cases : Aluminum 
is intermedit1te to some extent between temporary and perma
nent hardening, and its ehemieal behavior is simpler tlmn that 
of chromium. It is used mostly in the form of potash a lum, 
K2AI2(:::i04) ~ · 24..H 20, a well-crystallizinA" double salt of constant 
composition and not so rapidly n!Teetcd by hydrolysis as the 
single salts. It is widely med in acid fixing and hardening baths, 
the chemistry of whic:h was investigated hy Shcpp3rd, Elliot t, 
and ~weet,6~ .. from whose paper certain results arc a bstracted : 

The melting point of a limc-proccSHcd gelatin was measured 
as a function of pH for alum hardenin~ baths of varying con
centration, a nd the results arc shown in Figure 40. In the 
uhsence of alum, the m3ximum :M.P., a4.° C., was at the iso
elect ric point of the gelatin, pH 4.8. The A·I.P. increased with 
the coneentmt ion of alum, the maximum being at about pH 3.8-
4.0. It might be thought that t he effect is due partly to the 
amphoteric character of gelatin and partly to a change in the 
a lum solution with increasing pH. The evidence is that the 
latter is predominant. I n hardening by bathing, the acttwl 
hardening agent must penetrate the jelly. Upon the addition 
of alum to gelatin solutions adjusted to varying pH va lues, the 
results shown in Figure 41 arc obtained. It is seen that the 
pH of maximum hardening had a value of G. 

I n explanation of this progression, it is recalled that the am
p hoteric gelatin with increasing pH becomes increasingly anionic, 
or negatively cha.rgccl. Chcmieally, the free ~COOH groups 
of the end and side chains arc increasingly ionized, and one may 
suppose tha.t an increased degree of eombinnt.ion between posi
tively charged a luminum and carboxyl ions is takin~ place. 
But, with increasing pH, the Al+++ ions ber,ome insoluble hy
drous alumina, Al20 3 ·x(H 20).67 The first-formed particles re· 
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main colloidal; Britton* observed actual opalescence at pH 
values as low as 4.2 on titrating aluminum salts with NaOH and 
Ca(OHh, but not be low pH 4.7 with Ba(OH )2; but, at pH 0.5, 
complete precipitation (coagulation) occurred at 1.88 to 1.92 
equ ivalents. It is seen that the coagulation point occurs some
what earlier than the equivalence point (3 equivalents) . 

.. 
5 "/.ALUt.l 

" 

FIG. 40. Melting points o{ gelatin hardened with alum in 
relation to the pH value. 

Sheppard, Elliott, and Sweet explained the hardening maxima 
in the gel state at pH ""' 4.0 and in the sol state at pH 6.0 as 
follows: In ha rdening by an outside bath (gel state), colloid 
partic les of hydrous alumina are formed at pH = 4.0; the 
aluminum ions are retained by adsorption and prevented from 
diffusing into the gel. On the other hand, if the aluminum salt 

• For ahout 0.35 equi \'alent.l! of AI for ~odium hydroxide ~~ond ~a\cium hydroxide. but 
l.92cquivalcntl! for barium hydroxide. 
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is mixed with the gelatin sol and the pH adjusted, hardening 
does not occur until near the point of actual coagulation of 
a lumina, which is about pH 0.5. Above this, the a lumina tends 
to be negatively charged and is unable to react with the nega-

}' 
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FIG. 4 1. Helation between the melting points and pH nf gelatin solutions 
contuining alum. 

tively eharged gelatin. It is probable that the principa l reaction 
is between aluminum ions, AJ+++, free or adsorbed to hydrous 
alumina, and - coo- groups of the gelatin, with the formation 
of cro:s:s linkages between chain molecules. 

The addit.ion of polycarboxylic ions, such as citric acid, or of 
hydroxycarhoxylic acids, such as lactic acid, inhibits hardening 
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by binding the aluminum ions in eomplexes.M" Paul i cs .sug
g;estcd that the l':loh; of hydrous alumina invol ve the form ation of 
batoiie 01' oxy-acid salts , c.q., [m Al(01I)a.n AlOCI.AIOJ+Cl- , 
but there is no di1·ect evidence for these . Thomas and \Vhite
lwarl 6 ~ supposed t.lmt ''alated" and ''oxolated" aluminum com
plexes of the Werner type (formed by interaction of the inner 
co-ordination spheres of aluminum ions) are formed intermedi
ate ly, but X-ray study of the hydrolysis of aluminum snits 70 

does not support this hypothesis. The behavior of aluminum 
\Vith poly- and oxy-earboxylic acids suggests that co-ordination 
by ehelation (giving ring formation) very po~-;si bly takes place. 

The separation of hydrous oxide at a characteristic pH np
pears to be a general factor determining the limiting pH prac
ticable for hardening gelatin or tanning co llagen with inorganic 
reagents. T his is iltustmted by the following table : 

TABLE VI 

p/1 of 
Inilial 

Su!mtaf!a l'rFciJrilalion 

AI as 1\I,(SO,)~ 4,1.....,4.2 4.0gel H 
6.0 ><ul 

Cr as Cr,(SO,J ~ D.2.....,!i.3 D.l f!OI 4.5- .:i 
}'ea.~ Fc(N II ,)(SO,)I 2.3 (2.3-3 .G) 
TloaHTh (:\'0,), 3.:) ,-...3.6 3.4 w l (J..'i- --1) 
UO, aH U0:(.\"0,), 4.2 4.!-,j 
Ti a~ Ti(NO,), ,__.2.3 ~2.3 

Zr :L~ Zr(XO,), -2.0 ,....., 1.8 

The same principle in reverse applies to the a.nionoid radieals 
or acidic oxides. Below a ccrt.n.in pH , these substances preeipi
tatc as hyd rous oxides. They form negatively charged poly
acid anions in the soluble state above the pH at which they 
coagulate. The first-formed hydrous oxide particle~, however, 
arborh these anions, preventing penetration into gelati n. Above 
the isoclcet.ri e point. of lime-processed gc!a.tin a.t pH 4.8, the 
gelatin is inereasingly negatively charged also, so that combina
tion is prevented. Hence, hardening is inereascd at first as the 
pH is diminished from, say, pH ,..,_, 10, and reaches a maximum 
generally wh il e the pH is still above the isoelec t ric point. of 
gelatin. 
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Besides a luminum, only chromium is of great importance in 
photographic harden ing, as in tanning. The technical impor
tance of chrome tan ning in the leather indust ry has resulted iu 
an enormous literature on both the practice and theory of tile 
process. 

I n chrome ehcmistry, basic compounds and solutions are fre
quently mentioned. Primarily, they are simply empirical terms 
for materia l:; in which there is a stoichiometric exceii.s of Cr 20 3 

(or Cr111) above the amount which would be equivalent at 
norma.! va lency. T his specification in terms of composition is 
e.ssential ; their constitution is another matter. "Violet" and 
''green'' snits are also discussed, and contradictory s tn.tcments 
a re made conccrninp;: their relative hardening efficiency. For 
example, an aqueous solution of ordina ry crystallized "violet" 
chrome alum, K 2Cr2 (i;04 ) 4 ·24H20, is violet, but a rtcr boiling 
for two hours t he solution beeumes green. Hardening tests 
show that the violet solution produces much strouger harden
ing.~11' If, however, a violet solution of chromium chloride, 
Cr2CIG, is boiled to a green solution, it will prolluce equal or 
greater lmrdcning than the original violet solution. Actually, 
the criterion i!i the pH of the system. The sulfate or a lum upon 
boiling hyllrolyzes, splitting ofT sulfuric acid, a nd the pH is 
lowered. If the pH is raised again with alkali to a bout 4, the 
green sulfate will harden as well a.s the violet one. Hydro
chloric acid evaporates from the chloride, and the pH is not 
lowered so much. Dy the reduction of d ichromate with sulfur 
diox~de, a green "basic" chrome alum may he obtained, which, 
per equivalent of chromium, has greater ha rdening power than 
the normal violet alum. This "basic" hardener lacks slightly 
less than one fourt h of its formula weight of sulfuric :.teid, as 
shown by t itration \Vith alkali. VVhilc the cont.inuous t itration 
curve ·or violet a lum does not show any significant change of 
slope until three equivalents are approached, discontinuous or 
stepwise tit ration, with tumbling for twelve hours, gives a curve 
with a break nt a point clo>lc to one equivalent. The continuous 
tit ration of t he green (boiled) solution shows this in flection at 
once at about t he same value, while stepwise titration of the 
green solution shows the inflection fai rly sharply a.t 1.0 equiva
lent. T his agrees with the observations of Drittou 11 and sug-
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gcsts that defin ite soluble basic salts of chromium are formed 
having the formula CrOHX2, where, for example, X= Cl or 
}S04. 

The chemistry of the chrome tanning and hardening processes 
has been, and still is, the subject of controversy. On the one 
hand, there is the Werner complex cCKlrdination theory of the 
constitution of chrome salt solutions described by Gustavson 72 

·and Vi.' ilson.73 This assumes that the change from ''violet" to 
"green" and basic solutions is caused by substitutions in the 
inner co-ordination sphere of the Crill atom and regards tanning 
and hardening as continuations of the processes of penetration 
and addition-compound formation. On the other hand, the 
colloid adsorption theory, described by Britton 74 a nd Weiser, 75 

postulates the formation of colloidal (hydrous) oxide, which 
with adsorbed chromium and other ions forms a typical colloidal 
electrolyte. This is supposed to produce the tanning of collagen 
and hardening of gelatin by adsorption processes. 

1vlcLaughlin and his collaborators 76 showed that hide sub
stance gets in to a reversible equili brium, as regards Cr and acid, 
with a chrome salt bath. They found also that the chromium
treated material follows the Freundlich adsorption isotherm. 
T hey concluded that chrome tannage is a reversib le adsorption 
reaction. The Freund lich isotherm, however, does not neces
sarily distinguish between chemical combination and adsorption. 
I n leather tanning and, in a less degree, in gelatin hardening, a 
colloid chemical factor may become important in advanced 
stages of the process; but at present this cannot be accepted as 
an explanation of the fundamenta l proce~s . 

' Vhile the in terpretation of "basic" and "green" chromium 
compounds by the co-ordination theory may be unnecessary, it 
docs not follow that the colloid theory must be accepted as the 
explanation of tanning and photographic hardening. 77 • 78 Thus, 
t he statement of Crabtree and Russell/6b "it may be concluded 
that the hardening effect of chrome alum is probably a result of the 
precipitation of chromium hydroxide in the gelatin or at least of 
a reaction between the basic salt and the gelatin," requires 
modification. F rom an examination of the influence of pH 
upon the apparent viscosity of gelatin solutions and the melt ing 
point of the gel in the presence of a chrome salt (int roduced in 
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the solu tion), the following results were established :• The rat.e 
of change of viscosity is a funct.ion of the pH. At any pJ f 
within the range 2- 7, in which definite initial increases of vis
cosity a.re observed, the viscosity passes through a maximum 
after a. time which depends upon the pH. The increase in 
viscosity of 7 per t:ent gelatin and 1.12 per cent chrome a lum 
::;hows a pronounced maximum at pH 4.03 (l+'igure 42). T he 
initial viscosit.y (10 minutes at 40° C. after mixing) it.sclf shows 
a pronounced maximum at about pH 5.4 (Figure 43). At 1.12 

illiJ[&l 
• . • ·' • • • • .. .. .. .._.. .. .. .. '-4-.---.--,--,.-,--,.-i'=! 

F IG. 42. Inerca.sc of viscosity with pH for a 7 per cent gchtin Mu lution 
1;ont:tini n~-: 1.12 per cent 1;hrome alum. 

l•'rG. 43. Hclalion between the initial visco;;ity uml the p H value o[ a. 
7 per ccut gela tin rontaininJ!; 1.12 per cent chrome alum £Ot 40° C. 

FIG. 44. Rel:"ttion hctwcen the melting point :md the p ii V!\lue for a 
7 per 1:ent ~-:chtin containin~-: 1.12 per cent chrome alum. 

per cent a lum, the M.P. gives n maximum at pH - 4.8 ; at 2.0 
per cent., :J..t about pH 5.0 (Figure 44) . T his pH is slightly lower 
tlmn tha.t a.t which precipitation is first observed upon t.Hmtion 
wit-h alkali (p. 114), viz., 5.3, whieh corresponds to about 1 equiv
alent of a lkali. 

In ae<:ord:tnce with the behavior of aluminum &J.it-<>, t he pH 
at which chromic oxide starts to separate represent.<> the opti
mum for hardening. As with a luminum, for hardening from 
solu t.ion (stop haths, fixing baths, and others), this pH is lower 
(4.3) than when t he ehrome salt is originally in the solution. 

• l!npuhliHlu~l wQrk hy R . C. HO\lnk nnd <:. D ittmtlr in the Kodnk 11-e&et\rdo l .abora
toril'l!. 
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The evidence points strongly to the Cr+++ ion or [ Cr(H20hJ+++ 
being the d tief hardening agent, with perhaps l.o some extent 
6Cr(H 20)r.OHJ++. Hurdeuing i1wreases with pH up to n poiut 
bcc:tuse the -COOH groups of the gelatin are incrensingly cm l

vcrtcd to -COO- ions, and, further, - N H 3+ groups are iu
crcnsingly converted to - NH2 groups. T he evidenee indicates 
t.hat ha rdening takes place not because of, but in spite of, the 
inereasing precipitation of chromic oxide. The Cr+++ ion has 
the advantage over Al+++ that it can form complexes not only 
with t he -COO- groups of the gelatin but with the - ::-u-12 
groups. In agreement with this, the hardening of gela ti n by 
chromium eompounds is inhibited not only l>y polycarl>oxylic 
nnd hydroxycarboxylic acids, such us oxalic, citric and lactie 
acids, but by amines and amino acids. 

The chrome hardening of gela tin is of importtutcc not only 
in the preparation and processing of cmubions hut :dso indi
reet.ly in <t wider field. Besides the photochcmieal hardening of 
h iehromated gelatin and the photographic and photomedmnicnl 
prinl.ing processes derived from it, a number of eolor-printing; 
processes depend upon chrome hardenin~. T he <~hrome salt. is 
produced by a direct or indirect reduction of dichromate by the 
Hilver of an image.H For example, with a copper bleach, the 
silver is converted to silver ha lide, which is soluble in t hio
sulfat-e, while the cuprous salt reduces dichromate to chromic 
snit. T he hardening of the gela tin may he utilized in the pro
duction of relief images, in an altered absorption of dyes, or fo r 
tmnsfcr proeedures. 

The h:mlening of gelatin by hnlogens is not utilized in pho
tography, bu t has been suggested as a cause of solMization. so 
It is of interest both in connection with the disposa l of halogen 
released by light and as a link between inot·ganic and organic 
hardening. The reactions are probably similar to those in
volved in the oxidation of amino acids by hypohalitcs, which have 
l)(_,'CJl invcs t igntcd by Langhcld, Dakin, and others.111 For ex
ample, with glycine and sodium hypobromil..e, the following occur : 

N I-b 0 

n.-6--g_OII + NaOUr - RCITO + Nl b + Kallr + CO~. 
I 
II 
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It is supposed that the aldehyde formed produces the hardening. 
In neutral media, dibromoamino acids tend to form, which de
compose and, at higher pH, produce nitriles instead of aldehydes. 

HARDE NING BY ORGA NIC REAGENTS 

Above a pH of 6 - 6.5, prehardening of emulsions with chro
mium is ineffective. Organic hardening agents increase in hard
ening efficiency as the pH is raised above pH 5, approximate ly 
the isoelectric point of lime-processed ge latin . This is because, 
in general, they react with the free amino groups of the protein, 
and in some cases the origina l organic reagent is converted to an 
active form as the pH is raised. 

The important organic hardening reagents may be classified as: 

1. Aldehydes (aliphatic and aromatic) 
2. Ketones (including a - and -y-diketones) 
3. Quinones 
4. Oxidation products of organic developers of uncertain con

stit ution, which a rc related probably to synthetic and vegetable 
tanning agents. 

1. Aldehyde Hardening 

A. The first of the simple alkyl a ldehydes is formaldehyde, 
H· CHO. It is outstanding and is discussed specifically (p. 123). 
The higher alkyl homologues, if they have sufficient solubility 
in water to be tested under norma l conditions, do not appear to 
have any hardening effect on gelatin . However, if acetaldehyde, 
CH3 ·CHO, propionaldehyde, C2H~·CHO, or butyraldehyde, 
C 3H 7 • CHO, is mixed wi th an alkaline gelatin (pH 8 and upward) 
and left in the jelly state for some hours, or if the alkaline 
solutions in water after keeping are incorporated with gelatin, 
definite hardening is produced. This acquired hardening is prob
ably due to dimerization and rearrangement to aldols. Thus, 
with acetaldehyde, 

T his is supported by t he fact that aldol and other hydroxy
aldehydes prepared separate ly produce strong hardening. This 
dimerization may even occur in formaldehyde hardening with 
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the formation of glycol aldehyde, 

2 (H·CHO) ~ CH,OH·CHO, 

which, as noted under hydroxyaldehydes, is an effective hardener. 
While the pH affects the dimcrization of alkyl aldehydes, it is 

important ah;o directly fo r the reaction with gelatin. With aldol 
and glycol aldehyde, for instance, lmrdening is greatly increased 
by an increase in pH. This is due to the displacement of the 
hybrid ion configuration -oOC ·H· NH 3+ to the free amino form, 
-ooc · R · NH~, which plays a principal part in aldehyde tanning. 
As might be judged from the titration curve of gelatin above 
pH 8, a further increase in pH has little effect unt il very high 
va lues, pH "'"' 11 , rtre reached, where it is possible that guanidino 
residues are opened up. 82 

B. The hydroxyaldehydes.* As has already been said, these 
compounds, of which glycol aldehyde, CH20H 

aldol, CH3 

6uou 
I 
CH~·CI-10, 

bHo , 

and glyceric aldehyde,& CH20H 
I 

CIT Oil 
I 
CliO , 

are examples, are effective hardeners of gelatin at pH 8 and 
above. The .M.P. measured immediately after coating and dry
irrg increases rapidly with the concentration of aldehyde. It is 
increased by holding in the jelly state and also by keeping in 
the dry st.atc (afte r hardeni ng). Thus, with 3 per cent of a ldol 
(by weight of gelatin), after seven days gelatin becomes insoluble 
in boiling water; and with 1.3 per cent of glycol aldehyde, after 
sixteen da.'ls . The viscosity (a.t 40° C.) of gelatin solutions ·with 
these materials increases some\vhat but not to the degree pro
d uced by chrome salts. 

Photogra.phica.lly, aklol and glyceric aldehyde tend to cause 
fog. In the ease of aldol, t his may oceur from loss of water and 

* From uupubli~hcd eiperirnentB in t-he Kodak Research LuboruWril'll. 
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the producLion of crotona.IJchyde, 

CII3·CIIOII ·Ci h·CilO - CII3· CII: CII· CI-10 +l-ItO, 

and with glyceric aldehyde, from the production of the enolic 
form of mcLhylglyoxul, 

C HzOH·CIIOI-l·CHO ---+ Cl-[z: C(OH) ·CHO + H~O. 

As noted later, the unsaturated a ldehydes are strong fogging 
agents. 

These hydroxyaldehydes arc interesting: since they show the 
activat.ion of t he - CHO group in the lmrdenin11; re~tction which 
is produced by substitution of hydroxyl. This effect extends to 
the pent.oscs a nd hexoscs.81 With this exteusiou of chain length, 
there is a diminishing rute of hardcniu~o~;, which may be raised 
by increa . .<;iug the t.cmpemturc. 

C. The d"ialdehydes. The activating influence of hydroxyl 
sub1-Jti t ution i::-; paralleled by that of othe1· substit uen ts, notably 
the - CHO group itself. The dialdehydes ha ve efTecLivc hard
ening action. !~!> Principally cited arc glyoxal, CliO, its polymer, 

I 
CHO 

p-glyoxal, a nd mesoxydialdehyde. 
D. The unsaturat.ed aliphatic aldehydes. Unsa.tumtion, as by 

a double bond near the - C HO group, has a considerable adi
·vating effect on lhe hardening act ion of the a ldehyde group, as 
in a crylic a ldehyde (acrolein) 

C l lt : CH · CHO acrolein 
nnd CHJ· CI-I: Ctf· CIIO croton[l.ldchydr.. 

These sub:.;t:uu:es tend to pr·oduco foK, a common feature of un
saturated bodies of this type, probably due to the formation of 
peroxides. 

It is interes ting that the substitution of halogen in aliphatic 
aldehydes a lso act;;; as an activating factor. D ibromacrolcin, 
CH2llr ·CHBr ·CHO, is pat-ented ~ 6 as a hardening agent, and 
there)s other evidence of adivation by halogens. 

8. Carboxylic aldehydes. .Mucochloric acid,87 

CHO·CIC: CCI· COOII, 

is a f:ti rly powerful hardening agent, in which the activating 
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effect of substituted groups is well developed. T he application 
of other aliphatic aldehyde carboxylic acids has been claimed.~~ 

F. Aromatic aldehydes. Aromatic aldehydes, conesponding 
to the quasi-unsa turated character of the benzene nucleus, show 
some tendency to produce hardening. Benzaldehyde appears 
inacti ve at room temperature. Salicylaldehyde, 

/OH 

Q------C6H4"'cno, 

gives hardening in the jelly state, as does the meta compound, 

/OH 
m- C,H"'CIIO, 

while resoreylic aldehyde, 
CHO 

60H' 
0 
H 

has deJinite hardening properties at p]f 8. It also increases the 
hardening action of formaldehyde (v. later). 

2. Ketones 
Aliphatic hydroxy ketones, including ketones of the sugar group, 

have been claimed as hardeners for prot.eins. 89 The hardening 
effect is stated to decrease with the number of carbon atoms 
and to increase with t he number of hydroxyl groups. As ex
ample::;, a rc instanced acetol (CllJCO · CH~OH), d ihydroxyace
torw (CH20H ·CO ·CH20H), 3-kctobutanol-1, hydroxymethylenc 
acetone, fructose, and sorbinose. Certain hydroxy aromatic 
ketones, :-;ueh as p-hydroxybenzoyl carbinol and 2,4,6-hydroxy
benzoyl carbinol, are a lso stated to have hardening properties. 

Of greater activity and imporkmce are diketoncs, viz., o:- and 
-y-d ikctoncs; so far, there is no evidence that P-dikctoncs have 
hardening properties. i\ typical o:-diketonc with considcrahle 
hardening properties is diacctyl/° CH.1 ·CO-CO·CH 3 • Its ac
tion, which occurs on the alkaline :-;ide (pH > 7), is prohahly 
due to the formation of xyloquinone. In the alkaline medium, 
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two molecules condcnse,v1 with the loss of two molecules of water, 
0 
c 

CH,·CO·CO·CH, l ( )CH, 
- +ZH20, 

CHa·CO·CO·CI-Ia CH3 

c 
0 

and form xyloquinone. The chemistry of the hardening ac
tion of diacctyl, therefore, belongs with that of the quinones. 
The product ion of the quinone can be followed by ultraviolet 
absorption spectroscopy. The hardening of gelatin is also 
effected by -y- or 1 : 4-diketones; for example, acetonyl acetone, 
CHa ·CO· CH2· CH2 ·CO · CH a. The ehemistry of the reaction ha..<; 
not been fully explored, but it is pos.'lible that, by a reaction sim
ilarto Uta t wi thammonia, a com binat.ion with amino groups occurs 
to form pyrrole derivatives, the ketone reacting in the enol form: 

/CH, ~H, 
CH, ·CO·CH, CH: C" CH: C"'-. 

I - I OH +R·NH, ~ I NR+ZH,O. 

b b <Yon ~ / 
H,.co.cn, H: '-cH, ;H: c'-cH, 

3 and 4. Quinones and Developer Oxidation Products 
Hardenin~~; by benzoquinone \Vas first noted by LumiCre. 92 

It is markedly dependent upon pH, being very slight a.t pH ,.,_ 5.0 
and negligible below that.* Above pH 5, it increases rapidly 
at first and more slowly from pH 8 upward. Photogra.phically, 
it is of little use because of the red s tain form ed by oxidation 
reactions. The hardening or tanning reaction is sa id to result 
from interaction of the quinone with free amino groups, 91 as 

II 

0 

2R-KH,+2 0 ~ 
0 

UNO+ o. 
RN-0 

H 

OH 

• Obwrved by Meunier and Seyewet.& with collag~n " and confirmed for J«!)atin by 
R. C. Houck and C . Diu mar of the Ko<lak Heseareh Lahorlltori<J&. 
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or, according to Hilpert ami Brauns, ~:. 

11 0 rr-mr, + 2 CJi,o, ~ RNU + or. 
8 OH 

But beyond the evidence of formation of hydroquinone, there 
iR little to support this result. 

While reactions of t he type ind icated a hove may take place, 
more complicnted stages probably supervene, simila r to those 
involved in the hardening of gelatin by developer oxidation 
products. It is probable that a quiuonoid body is the primary 
oxida tion product of organic developers and that it is this which 
reacts with gelatin and produces hardening. Both staining a.nd 
tanning by developers are lessened or eliminated by sulfite, which 
interacts with quinoncs to form sulfonic acids of t he reducer 
(Chaptcc X). 

T his hardening in development, to a degree depending upon the 
amount of silver reduced, haR been applied in various wnshofT relief 
and imbibition processes ever sinceit was patented by \Varuerke. 96 

Formaldehyde 

Formaldehyde holds a position among organic hardeners simi
lar to that of chrome salt among the inorganic; at lcnst, it has 
reecived the most attention. Comparat ive studies of the reac
t ions of formaldehyde with amines and amino acids have been 
applied to cbrify t,he reaction with proteins. Blum H suggested 
that formaldehyde miJ,!;ht condense with one or two molecules of 
an a.mine and produce methylene groups according to the scheme : 

1. H-NI-Iz + 1-ICHO - R-N=CI-Iz + HtO, 

2. R- Nl-It R--NH"" 

!t-N H, + HCHO ~ R-Nn/CH, + H,O. 

Benedicenti 98 suggested an intermediate add it.ion phase, 

1\- NH, + ![Cl-IO ~ 1\- Nif- Cc__OIT. 
'-n 
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Schiff 99 and Horensen 100 showed that aft.er the aJ.dit.ion of form
aldehyde to amino acids and proteins, the carboxyl could he 
titrateJ. directly, with the formation of methylene groups: 

NTT2- H.- COOJI + llCliO -> IhC=~-It-COOII + H~O. 
The analytical u~e of this was (\eveloped more fu lly !Jy Foreman. 101 

An early quanti tative study of the adion of formaldehyde on 
gelatin and eollagen was made by Lumiere and Seyewetz.102 

They found that if a 10 per cent aqueous solution \Vas allowed 
to act upon air-dry gelatin, the maximum amount fixed was 
between 4.0 and 4.8 per cent. The insoluble "formo-gelatin" 
was decomposed by repeated treatment with boiling water or 
eold 15 per cent hydrochloric acid. However, the amount of 
formaldehyde "fixed" by gelatin, as by other proteins, is a quan
tity depending not only upon the conditions of reaction but on 
the criterion of "fixation." According to the Schiff-Sorcnsen 
reaction, whatever the mechanism, 103 only amino groups of the 
diamino aeids would be available, and at pH > 9, only those of 
l.ysine, n triamino aeid. This would permit the 11 fixation" of 
only about 1.23 gms. of formaldehyde per 100 gms. of gelatin. 
Einhorn 10·1 found that acid amides com Line with formaldehyde, 
thus : 

R·CONJ! , + CH,O ~ R·CO·NH·CH,OJT. 

But the amount of amide-1\~ in lime-pro(~eRsed A"eiatin, as shown 
by the yield of ammonia with alkali, is ver_y Hm all.* C'herbulicz 
and Fecr w:, observed a. similar type of reaction with diketo
piperazinc: 

This react ion was confirmed hy Berg-mann,106 'vho also isolated 
triformal derivatives of g-lyeine ethyl ester, p;lycinc amide, and 
1'-amino-propylene-glyeol. These results at least show the pos-

• .-\,·id -type 12:~\ar.in ha~ a mu~h lat i>:<>t amount of umide-K. but the rcll.ctio n with 
fut·m :tlc\t,hydu h:t~ not h"cn illv<••ti~::tted thorou~o:hl y. 
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sibility of t he formation of hi~her order compounds of formalde
hyde with proteins. Also, it should he noted that, if an aqueous 
solut ion of form aldehyde is evaporated, it will leave a residue of 
insoluble polymerized formaldehyde (polyoxymethylene). That 
a certain amount of this may be formed upon drying formalde
hyde gelatin is possible. 

Brotman 107 found that wh ile dry ~elati n absorbs O.!l8 gm. of 
formaldehyde per 100 gms. of gelatin, nlO per cent jelly absorbs 

i.oor--------------, 

-pH-4.0 

T.zo T.4o 160 lao o.oo 0.20 0.40 o.60 o.&o too 
COG c 

Fw. 45. T he absorption of forma ldehyde by gelatin. 

1.12 gms., and a 5 per cent jelly, 2.12 gms. These figures were 
based on the fo rmaldehyde removed from a solution a nd appar
ently did not take account of the solu tion absorbed. 

The following resu lts were obtained* for 1JIC absorption of 
fo rma ldehyde from an alcoholic solution, which did not change 
the swelling appreciably: Five grams of gelatin were dissolved 
at pH 8 in 25 cc. of water and 200 cc. of formaldehyde solution 
added at various concentrations. The precipi ta ted gelatin was 
soaked at 4° C. for six days and then r-epeatedly washed with 
50 per cent alcohol. Analyses of solu tion and washings gave 
the fina l concentration of unabsorbed formaldehyde solution, 
while the hardened gelat.in was steam-distilled to determine 
the absorbed form aldehyde solu tion. Another series was run 

• Unpublished work by H . It. Brigham of the Kodak Re..earch Laboratories. 
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at pH 4.8. F igure 45 gives graphs for t hese resul ts plotted 
logar ithmically in terms of t he Freundlich adsorption isotherm 
log xfm = k log c + p. 

The "fixation" cu rves correspond to the Freundlich adsorp
t ion isotherm. This docs not exclude chemical combination to 
some extent but indicates that t here is a lso physical or mcehani
cal retcntion. 

There is a further interesting parallel between the harden ing 
of gelatin by chrome salt and formaldehyde. I n both cases, 
fa irly simple chemica l reactions can be postulated for a n in itial 
stage; but combination proceeds further, and the over-all take-up 
is representable by an adsorption isotherm. In the advanced 
phases, condensation prod ucts of higher order are produced, 
a nd there is probably also some retention of the polymerized 
reagent. 

Even in t he case of amino acids, there is evidence t hat rela
t ively complex bod ies are formed with formaldehyde. An in
vestigation of t he X-ray diffract ion patterns 108 of amino acids 
treated with formaldehyde showed that while the his tidine
formaldehyde product is highl y crysta lline, the derivatives of 
lysine and arginine a re amorphous. It appears probable t hat a 
condensat ion or polymerization takes place, the forma ldehyde 
serving as a cross linkage between the am ino groupg of t he eli
amino acids (p . J 23) . There is some evidence that formaldehyde 
in small amounts acts catalytically on the insolubilization of 
gelatin, and this may be connected with t he production of in
solubilization by heat. All hardening by alde hyde is greatly 
accelerated by rise of temperature. 

A phase of formaldehyde ha rdeni ng of gelatin wh ich may ap
p roach the tanning of hide by so-called "syntans" 109 is indi
cated by t he discovery of t he assisting action of phenols and 
phenolic a ldehydes 110 upon aldehyde hardeni ng, particu larly 
with formalde hyde. There may be some formation of aldehyde
phenol condensation products. This is supported by the exist
ence of a n optimum concentration of t he phenolic compouml. 111 

T he chemical reactions for the action of hardeners suggested 
in t his chapter should he considered as tentative. In a11 y case, 
t he hardening of gelatin is probably accomplished by the estab
lishment of cross linkages. 



THE PREPARATION AND PRO PERTIES O F GELATIN 127 

BIULIOG RAPHY 

1. Bogue, R. H. , Chemistry and Technology of Gela1in and Glue , McGraw-
Hill Book Company, London, 1922, 1. · 

2. Sheppard, S. E., and H. C. Houck, " T he Structure of Gelatin Sols :1nd 
Gels. I. T he Viscosi ty of Gelatin Solutions," J. Phys. Chem., 1930, 
34: 273. Comm. 395. 

3. l\I eyer, K. , and H . Mark," Ueber den Bau des krystallisierten Anteils 
der Cel lulose," Ber., 1028, 61: 593. 

4. KUntzcl, A., and II. Koepff, " T he Importance of Li ming in the Con
ver~ion of Collagen into Gelatin," J.lnt. Soc. Leather 1'rades' Chemists , 
1940, 24 :92. 

5. Sheppard, S. E., and IL C. H ouck, " T he Structure of Gelutin Sols nnd 
Gels. V. T he Insol ubilization of Gelatin hy Heat," J . Phys. Chern., 
1932, 36: 2885. Comm. 502. 

6. Asthury, W. T., " T he Molecular Structure of the Fibres of the Collagen 
Group, " J . Int. Soc. Leather Trades' Chemists, 1940,24 :69. 

7. Hofmeister, F'., "Ueher die chemische Struktur des Collagens," Z. 
physiolog. Chcm., 1878, 2: 299. 

8. Smith, C. R., "Osmosis and Swelling of Gelatin," J. A. C. S., 1921 , 43: 
1350. 

9. Sheppard, S. E ., J. H. Hudson and IL C. Houck, " A Heat Co:tgulable 
Protein from Uebtin," J. A. C. S., 193 1, 53: 760. Comm. 449. 

10. Lloyd, IJ. J., and A. Shore, Chemistry of the Proteins, J . and A. Churchil l, 
Lttl., London, 2nd Ed ., 1938, 139. 

II. Cohn, E. J ., " PI1ysic:d Chemistry of the Proteins," Physiolog. Rev., 
1925, 5: 340. 

12. Carroll, B. H., :md D. Hubbard, " The P hotogr:1phic Emulsion; the 
Silver Ion-Gelat in Equilibrium ," B ur. Stand. J. Res ., 193 1, 7:811. 

13. Sheppard, S. E., and R. C. Houek, " The Structure of Gelatin Sols 
and Gel~ . Ill. Isoclectric Point.!! of Gelatin," J. Phy:s. Chern., 1930, 
34:2187. Comm. 443 . 

14 . Sheppard, S. E., and n.. C. Houck, "The Structure of Gelatin Sols 
and Gels. IV. Fluidity and Hydrolysis," ibid. , 1932, 36: 2310. 
Comrn. 493. 

15. Simms, H. S., " The Nature of the I oni zable Groups in Proteins," 
J. Gen. l'hysiolog. , 1928, II : 029. 

16. Shepp:~rd, S. E., " Plas ticity in Helatwn to Gela.tin," J. Phys. Chem., 
1925, 29: 1224. Comm. 227. 

17. Shepp:trd, S. E., R. C. Houck, and C. Dittmar, " T he Structure of 
Gelatin Sols and Gels. VI. Adsorption of Water Vapor and the Elec
trical Conductivity," ibid., 1940, 44 : 185. Comm. 732. 

l8a. Gcrngross, 0., K . Herrmann, and R. Lindemann, "Ueber die reversible 
Sol-Gel-Umwandlung, die ' Kristallisation' der Gelatine und den Fci n
bau eb.<;tischer Gele in .~hesonrlere von Gelatine und Kautschu k in 
Lichte der HOntgenoptik," Koll. Z., 1032, 60:276. 



128 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

b. K:\tr., J . it., .J. C. Dcrf'kcn, a1HI W. F. Ron," Zur Pulymorphic hw·h
molccularer Subst:uucu," flee. trav. chim., 193 1,50: 725. 

c. "Notiz O.ber den Untcrschied der l l<!ntgon~pcktm von Gcbtinc:-:ol 
urul Gclatinegcl," ibid., 1931, 50: 1\:18. 

l 9u. Buswell, A. ::>.L, J. H.. Dowuiu~, and W. A. R odclmsh, "Infra-red 
Absorption Studies XI. 1\ ll- :-.J :1.nrl l\ \l- 0 Bon~ls,'' J . A. C. S., 
1940, 62: 2759. 

b. Ellis, J., ami .I. Bath, " :i\Iodifications in the Kcar l nfm-red Ab~orp
tion Spectn~ of P rotein and of Light :md Heavy Water Molet:u\es 
when Water is Bound to Cclatin," .1. Chnn. l'hys., 19:l8, 6 :723. 

c. Hu~p:ins, M ., "Some H ydrop:cn B rid!!;C ]\<lodcls for C:lohular Pro
teins," ibid., 1940, 8 : 598. Conun. 7li2. 

20. K:1.b, J . It, " Die Bedeut ung der (~uellung: fiir (lie biolog:ischen Wis;;en
sclwftcn," Kolf. Rcih., 1917,9: 182. 

21. J..och, .J., Proteins and the 'J'h('Of!J (lj Col/oirlt1l Behavior, l\ lcGraw-IIill 
Book Company, Kew York, 1922. 

22. Sll()pp:ml, H. 1!:., " Bcha\'iur of (:chitin in the Proec;.~si np: of Mot ion 
Pit.:turc Film," 1'ra ll 8. S.M. P. K, \!)27, ~u. :!2, 707. Comm. 32G. 

23. 1\m·thrup, .J. H ., nnd ~-f. Kunitz, "Sw~lling a nd Hyd ration of n cb
tin," .f. Phys. Clwm., 1931, 35: Hi2. 

24u. Sheppard, S. E., and F. A. l•:lliott, " Tl1c Reticulation of Gelatine,., 
.!. / mi. R11g. Chem., 1918, 10: i27. Comm. 71. 

b. Sheppard , S. E., " Gelatin in the Photogmphi(: Process," ibid., 1922, 
14: 1025. Comm. 143. 

25. Shcpparrl, S. E., H. H. l.amhcrt, an(\ R. D . Walker, "Optical Scusi-
t izing of Silver R tl idcs by Dyes. l. of Sensitizing Dyes,., 
J. CJu~m. Phys., 193!.!, 7 : 2UJ. Comm. 

2G. Freundlich, H., KtlJii!lllrchcmie, Akt.~.1lemi~che Vcrlallfgescll><chaft., 
LciJ)zip:, 2nd E1l., 1022, 709. 

27. Amclina, K. S., "Eficd of Gcbtin on Silver Bromide Sol Stability," 
./. J>hys. Chern., U.S .S .R., 10:17, 9: JOO (In Bus~i:tn) . 

28. Sheppnrcl, s. F.., and s. s. Sll"eet, " l ntcrf:u:ial T en;:ion n et wccn Gela
tine Solutionli and Toluene," ./. A . C. S., 1022, 44: 2797. Comm. l."i2. 

29. Sheppard, S. E., "Nature of the Emulsoid Colloid State," .Noture, 
l!.l21 , 107: 73 (letter to the editor). 

30. Sheppard, S. K , " The Function of Cebtin in Photographic E mul
sions," Phol . .!., 1929, 69 : 3:~0. Comm. 384. 

3l. Sec Rcfcn~n(·e 4b (Chapter 1). 
32. Liippo-Cramc•·, II., E1kr's /fandb. , 3. Aull., Hl27, Band II, T cil I : 

427. 
33. Reinders, \Y., and C. J . van _;.{ieuwcnberg, "Cdatine un1l tlllllcre 

1\olloide als Vcrziigcrer bci dcr TI.crluktion von Cli lor~ilher," Kol/. Z., 
1912, 10: :16. 

34. Schwarz, G ., and F. Urhach, "Zur lichtclcktr i-'<t:hcn T hcnrie 1lc~ 

b tcnten Bildf'_«," Z. w. 1'. , 19:32, 31 : 7i. 
35. Lottermoser, A., and R. Steudcl, "Ueber den Einflu!'Z oherfliichen-



THE PREPARATION AND PROPERTIES OF GELATIN 129 

aktivcr Anioncn und Kationen nuf Halogensilbcn;ole und ph oto
~raphische Em01lsionen . ll," !\oil. Z., 1938,83:37. 

3G. Sheppard, S. E. , " Antifogging and Antiscnsiti:~;ing Effect-s," Plwl. J., 
1929, 69: 37. Comm. 342. 

37. C:lrroll, B. H ., and D. H ubbard, " The Plwto!l;raphic Emul~ion: Silver 
Jon :md Hydrogen Ion Concentrations and Sensitivity," Bur. Staml. 
J. Res., 1932,8:481. 

38. Sheppard, S. E., "l)hotogmphic Gelatin," Phot. J., 1925, 65: a80. 
Comrn . 240. 

39. Sheppard, S. E., :md ,J. H. Hudson, "Determinntion of Labile Sulfur 
in Celatin :wd Proteins," flu/. Eng. Clwm., Anal. Ed., J!);~O, 2: 73 . 
Comm. 403 . 

40a. Sheppard, S. E., "Ueber photo)..(rnphischc Empfindlichkeit, btcntes 
1.\ild und Entwicklung," Proc. Vllf Internal. Congr . Phot., Dre~dcn, 
!9;l!, 13. Comm. 479. 

b. Sheppard, S. K, "Lcs ComposCs sulfur~s et lcs emulsions photo
v;raphiqucs," Sci. i1rd. Jlhot., 1\)30, (2), 7 : 3tH. Comm. 595. 

4 1. /jhcppar·d, S. E., "Clmractcri~tics and Anomalies of Emulsions on 
Development, l't. I ," 1'/wt. J., 1!)2(}, 66: 190. Cumm. 261. 

42. llek unuiT, V. A.," Dcpcndenee between the Content of Labile Sulphur 
in Gelatine and Its Photo~r:lphic Property," Photo-Kino-Chem. Ind., 
l.i .S.8 .R., 1935, Ku~. 1 and 2, 13 ( In Ru~~ian). 

43. KozloiT, P. V., Technology of Motion Picture Film.,, 1\-lo~cow, U.S.i'i.R., 
hkusstvo, 1937, Part II : (a) llckunoiT, V. A.," Photnp;raphic f:clatin," 
171 (In Russian); (b) Ch ibisoiT, K. V., " T he EITect of Dasic Com· 
poncnts and Factors of the Emulsion ~Iedium on the Photographic 
Properties of Emul~ion~ , " 57 (In Hussinn ). 

44. ~lakaroiT, N. V., A. V. Pobedinsky, and S. A. Pulinn, " Influence of 
the Gelatin on Photographic Properties of Emulsions," Photo-1\irw
CJrem. Ind., U.S.S .R., 1935, No. G, 22 (In Hussian). 

45 . Hcfcr·euce I (Chapter I, p. 31). 
4Ga. T rivclli, A. P. II. , nnd W. f. Smith, " Kriti~che Betrachtuugcn zum 

russischcn \'orschbg eincr Normicrung der Gelatine fiir photogru
phische Zwcckc," Z. w. P., 1938, 37: 123. Conun. GG5. 

b. Reference 20 (Chapter II , p. 58). 
47. ChibisofT, K. V., "The Ph otographic Study and Classification of 

Gebtirl (A n Answer to the Cr·itiquc by Tri vell i and Smith)," h"iuo
Photo-Chem. hrd., U.S.S.R., No. 10, 1940, 6: 60 (In Russian). 

48. Chibi~oiT, K. V., and A. A . . Mikhailova, "The ProJ:terties of (;clatin 
in Rcl:ttion to the Hipening of Photographic Emulsions," ibid., No.7, 
1940,6: 24 (In Ru~sian). 

49. Bcrczely, II. , "Zur Kcnntnis dcr Bichromatgelatine, " Dissertation, 
K:Lrlsruhe tcchnische Huchschule, nudapest, 1934. 

50. E!Od, E., nnrl H. llerczely, "Zur Kenntnis der Bichromatgelatine I," 
Koll. Z, 1936, 74 : 305. 



130 THE THEORY OF THE PHOTOGRAPHlC PROCESS 

51tl. Cra btree, J. 1., and II. A. Hartt, "Some Properties oi Fixing Uath>'," 
Trans. S. M . 1'. R., 1929, Ko. 38, 304. Comm. 396. 

b. Crabtree, J. I., und H. D. Rus::!cll, "Some PropcrtieK of Chrome Alum 
Stop Baths :md ]Cixing Baths. II. Chrome Ahm1 Fixing Baths," 
J. S.M. J>. H., 1930, 14:607. Comm. 432. 

52. Hogue, R. H .," Properties and Constitution of Glues a nd Gelatins 1," 
Chcm. Met. Eng., 1920, 23: 5. 

5~. Sl•eppa.rd , S. K, an1l R. C. H ouck , "The Structure nf Gelatin Sols 
and Gek V. The l nsolubiliz:ttion of Gelatin by Heat," J. / 'hys. 
Clwm., 19~2, 36: 2885. Comm. 502. 

54. Hrinhinger, H., and K. ::-.burcr, "Die Wirkung chcmisch aktivcr 
Stra.hlcn auf Gelatin," 1\oll. Z., 1!.!27, 41: 46. 

55. G:1linsky, A., " The Effect of Light .•:wtl Salt:i on Gel:ttin," Biochem. J., 
1 oao, 24: 1706. 

Sr>a. LumiCrc, A. and L., nnrl A. Sf!yewetz, "Sur Ia. composition de Ia 
gC!atine inwluhilisCc pnr lcs sc!s de sesquioxyde de chmme ct Ia t hCoric 
de l'action de Ia lumiCrc sur 1:\ g(:latinc :1dditionnCe de chromntcs 
mCtalli<pu~s," Bull. soc. chim., III, J!J03, 29: 1077. 

b. LumiCrc, A. nnd L., and A. Scycwct z, "Ueber die Zusammensetzung 
dcr mit 1\:lliumbichromat gctriinkten und durch Licht unltislich gc
nmchtcn Gelatine und die T heoric dic~;cr Gerbung," Z. w. P., 1905, 
3 :297. 

57. Edcr, J. l\I ., " Die Reactionen der Chromsii.urc und Chrom:~te auf 
Suhsta.nzcn organischen Ur~prungs in llcziehung zur Chromatphot.o
gmphie," Phot. Korr., 1878, 15: 32, 48, 75, 98, ll7, 144. 

58. 1\'layer, II., "L'eber cine elektri~chc l\lcthodc zur i\'lc><sung der durch 
Belich tung in Chromatgclatincschichtcn verursachtcn Vcriinderungen,' ' 
Z. phylf:. Chcm., 1909, 66 : 3~. 

59a. Wnrburf.!:, J ., " Dyes ns Sensitizers of Carbon Tissue :uul Gum P:q.cr," 
Phot. J., 1017, S7 : 169. 

b. i\•[cisling, A. A., " Am Frem~tilling nf Pigmcntbillcdcr vcd Sensihi
li::!cring mcd Tjacrcfarvcsto!icr," Dansk folo. Tids., Nos. 9 and 10, 
1916, 38:65, 73. 

60a. Zah n, It, U.S. Pat. 2,100,0G3 (1937) . 
b. Knllc, A. C:., Br. pat. 401,898 (1933). 
c. K:tllo, A. G., and R. Zahn, D.H.I' .. "i81,ti97 (1933). 

61. Ccrngross, 0 ., nnd .1. R. Katz, "X-Ray Spectrographic Investigations 
of llcnt Contraction of Untanned and Form:~ltlehyde Ta nned Ten
dons," J . A m. Leather Clwm. A s.~n., 1928, 23: IG4. 

62. Shcpp:trd, S. E., nnrl .T. C . l\Jc~ally, "The Structure of Gch1tin Sols 
:md Gels. II. T he Anisotropy of (~clatin Gels," Colloid SymJlMitlm 
:1/onoyraJih, 1930, 7: 17. Comm. :199. 

ll:i. Spcakn~o<:HI, J . R., and J\L C. Hir~t, ''Constitution nf the Ke1·atin 
Mole,~u lc," .Valure, 19~1, 128: 1074. 

64a. Shep]>nrd, S. E., F. A. Elliott, and S. S. Sweet, "Chemi~try of the 
Acid l~ixing Rath," ./ . Frank. lnst., 1923, 196:45. Comm. 175. 



THE PREPARATION AND PRO PERTIES OF GELATIN 13 1 

b. Cr:1btrcc, J. I., " High-Tempem~ure Development of Holl rilm, Film 
Packs, J'btc;; anJ l'a p·er," B. J . /'., Hl17, 64: 555. Corum. 62. 

05a. Prod.er, II. R., " T he Equilihrium of Dilute Hydrochloric Acicl nnd 
(;clatin," J. C.S., 1!)14, 105:3 13. 

b. Procter, H . R., a nd J . A. Wilson, "The Acid-Gelatin EquililJrium," 
ibid., 1916, 109: 307. 

Gila. ]{Untzel, A., and K. Dochner, "Ueber die llerstcllung von Fascrn 
aus Kascin," K oll. Beih., 1940,52:5. 

b. KUntze!, A., " Die Chemic Jcr ~1inerulgerbung," Koll. Z., 1940, 91: 
152. 

07. Weiser, H ., I norganic Colloid Chemistry, V. 11. " The Hydrous Oxides 
:md Hydroxide;;," ,/. Wiley and Sons, New York , 1935, 104. 

08. Pauli, W., and E. V:liko, "UeLcr d ie Deut ung der physikalisc:h
chcmischcn Annlysc dcr Kolloide vom St:mdpunkt der Elektrolyt
t heoric,'' z . ph.ys. Ch.em., 1920, 121 : Hl4. 

09a. Thoma.~, A. W., nnd T. H. Whitche:1d, " Ion I ntcrehnnges in Alumi
num Oxychloride Hydrosols," J . l'hys. Chom., 1931, 35: 27. 

b. Thomas, A. W., and An Pang Tai, " T ho Nature of ' Aluminum 
Oxide' Hydro.~ols," J . A. C. S., Hl32, 54: 841. 

70<1. Bohm, J ., nnd 11 . Nicbsscn, "Ueber ~~morpho Kicdcrschlllge und 
kristull i~iert~ Sols," Z. anorg. Chem., 1!:124, 132: I. 

b. BUhm, J., "Ueber Aluminium und Eisenhydroxydc 1," ibid., 1925, 
149: 208. 

c. Sec Reference 67 (above), 111. 
71. Britton, H. T. S., HydrQ{Jon Ions, Van Nostrand, New York, 2nd Ed., 

1!:131, 2124. 
72. Gust~'lvson, K . H., Stiasny Festschrift, E. Hoet her, Vcrl:~g, Darmstad t , 

Germany, 1937, 99 (a summary exposition). 
73. Wilson, J. A., Chemistry of Leather M anufacture, Vol. ll, Chemical 

Cat:do,~: Co., ~cw York, 2nd Ed., UJ29, Cha]1tcrs 17 and IS. 
74. Sec ltcferezwe 71 (above), 420 et seq. 
75. Soo Rcfcrcnc:c 67 (above), 110. 
7tia. McLaughlin, G. D., D . H. Cameron, and R. S. Acl:unll, "Nature of 

the Heaetion between Hide Substance and Basic Chrome Solutions," 
J. Am. I~eather Chem. A ssn., 19:lfi, 29:657. 

b. McLaughlin, G. D., and D. H. Cameron, Stiasny Peslschrift, E. 
Roet her, Verlag, Darmstadt, Germany, 1937, 242. 

77. Sec Hcference 67 (above), 386. 
78. Liippo-Cra rncr, H., Kolloidchcmie und Photograpl!ie, T . Steinkopff, 

Dresden, 2nd E d., 1921, 50. 
79a. Farmer, E. Howard, Br. pat. 17,773 (1889). 

b. Pi]>er, C. W., " Dromoil: The Latest in Printing Processes," !'hot. 
Neu1s, 1907, August 1(), 52: 150. 

80. Luther, It, "Die chcmische Vorgiingc in der Photogm phie," Archiv 
wiss. Phol., 1900, 2: 100. 



132 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

Sl a. Lanl!;held , K ., "Ueber das Verbal ten von a-Aminosiiuren gegcn 
Nntriutnhypuchlorit," Bcr., 190\l, 42 : 23t;O. 

b. Dakin, H. D., " T he Oxidation of Amino-Acids to Cyanide~," Bio
chC1n. J., IDW, 10: 31D. 

c. Dakin, H . D ., J. B. Cohen , i\ 1. Daufres ne, nnd J. K enyon, "Anti
~;cptic Action of ::lubstam:es of the Chloroamine Crou p," Proc. Roy. 
Soc., H , lfllli, 89:232. 

d. Friedman, A . H., nnd S. Morp;ulis, " T he Oxidation of Amino Acids 
with Sodium H ypobromite," J. :1. C. S., 1\J:JH, 58: 909. 

82a. T heis, E. H.., and A. IL Esterly, "Studies in Aldehyde Tannn~e. 

1\' . The Effect of Hyrlro)!;en-I ou Concetttratiun durin)!; !.he T annage 
upon the Shrink Temperature of the Leather," J. Am. Leather Chcm. 
Assn., 1940, 35: 503. 

b. O'Fiaherty, F., and .J. H. Highberger, "Formah\chyde T nnnnge in 
Hclation to the Constitution of Collagen, " J . lid. Soc. Leather T radl"s' 
Chemists, 1939, 23 : 549. 

c. Draybrooks, W. E., " The Constitution of Collagen," ibid ., 1939, 
23 : i3. 

83. F enton, H . .J. H., and H . .Jackson, "Crystnlline Clycollie Aldehyde," 
J. c. s., 1899, 75 : 575. 

84. Sheppanl, S. E ., and H.. C. Houck, U.S. pat. 2,059,817 ( 193G). 
85a. l'r. pat. G43,070. 

b. D . H. I'. 538,713 ( 1931) . 
c. n .R.P. 585,920 ( 193a). 

8G. Dloch, 0., and J. M itchell, Dr. pat. 400,750 (l934) . 
87. White, F . L. , U.S . pat. 2,080,019 ( 1 9:~7). 

88. F ricke, H. , and J. Brunkett, U. ::l. pat. 2,154,895 (1939). 
89 . B runken, .1., U.S . pat. 2,180,335 (Hl39). 
90. Staud, C. J. , and H. M. Hri~~s, Br. pat. 444 ,289 (193G). 
91a. von Pechmann, H., "Studien i.\ber 1,2- l>iketone," Bcr. , 1888, 21: 

1411. 
b. Otte, R., and TT. von Pechmann, "Die Homologen des D iacetyb," 

ibid ., 1889,22 : 2215. 
c. Dicl~<, 0 ., W. i\1. llbnch:ml, and H . v . tl. Il:1yden , "Ueber E i.c;f'n

schaften, Struktur und Derivate des dimeren JJi:1eetyls," ibid ., 19 14, 
47 :2355. 

92. LumiCre, A. nnd L., and A . Seyewetz, "Sur l'insoluhil isntion (\e Ia 
~-:Clatine pnr Ia quinone,'' Bull. soc. cltim., 1!107, [I V], I : 428. 

93. Meunier, L., and A. Seyewctz, "Sur title nouvelle mctltO<Ic de Tan
na~-:e," Compl. rend., 1908, 146: f/87. 

94a . 1\-leunier, L. , ami 1\ L Queroix, "Time Changes in Quinone Solutions," 
Le Cuir kcltniquc, 1924, 13 :520. 

b. F ahrion, W., " Ucher die Vor~-!;iin~-:c bei der Lederbi ldun~,'' Z. anycw. 
Chem., I!.JOO, 22: 2083, 2135, 2187. 

95. Hilpert, S., and F. Brauns, " Ueher Chinong:erbung," Collegium, 
1925, 04 . 



THE PREPARATION AND PRO PERTIES OF GELATIN 133 

96a. Wnrncrkc, U>Qn, Br. Jlat. l4aG (1881). 
b. Koppnmnn, .J. , D .IU'. 300,1U3 (!0 13) . 
c. Sl.iirl, II., '' UlL'i Jo~·l'c-Drcifarbcnvcrfahrcn," Phot. Chronik, 1924, 

31: 148, 150. 
1/. Sanger-Shepherd, E ., and 0 . M. l3urtlett, llr. pat. 24,234 (1902). 
e. Didier, L., F r . put. 33i,064 (1!:103). 
f. Teclmicolor; e.g., L. T . Trolund, Br. pat. 392,785 (1932). 

97. lllum, F., "Ueber ei11e neue 1\Jn.~se von Vcrbindungen dcr E iwciss
kOrpcr," Z. physiolog. Chcm., 1896, 22: 127. 

98. Ucncdicenti, A., "lleitriige zur Kcnntniss der chemischen u nd physio
logischcn Wirkun.((cn des l•'ormaldehyds. E rste .Mitteilung. Ccbcr 
d ie Ein wirkung de~ Formaldchyd~ auf cinigc Protcinstoffc," Archiv 
.'hint. Physiolog., Physiolog. Abt., 1897,21:219. 

99. Schiff, H ., " Trennung von A min- und Siiurcfunction in I.Osungcn von 
BiwcisskOrr)(!rn," Ann. Ch1:m.., HlOl , 319:287. 

100. Sorensen, S. P. L., " Enzymstudien," lliochcm. Z., 1908, 7: 45. 
lOI. Foreman, W. F., " Hapid Volumetric l\Icthods for ~he Es~imation of 

Amino Acids, Organic Acids und Organic n:~," IJiochcm. J ., 1020 
14:451. 

102. LumiCrc, A. and L., and A. Scycwctz, "Sur l'insoh.:bilis:ttion de 1u 
gelatine par 1:~ formaldChydc," Bull. soc. chin~., 1906, [Ill I, 35: 872. 

103. Ucincr, L., and A. l\larton, "Untersuchungen von Formaldehyd
ciwciss," KoU. Z ., 192;l, 32: 273. 

104. E inhorn, A., and A. Hamberger, ~'Die McthylolvcrUindungcn des 
Harnstoffs," Bcr., 1908,41:24. 

105. Chcrbulic7<, E., and E. Fccr, "D6rivCs formaldChydiqucs de Ia. 2,.'i
dicCtopii>Cm7-inc," Helv. Chim. A cta, 1922, 5: 678. 

106a. Bergl!lann, M., "Ueber Fonnuldchydvcrbindungcn dcr Amino
siiurcn," Collegium, 1923, Ko. 63[), 210. 

b. Bergmann, M., M. Jn.cob~ohn, and H. Schottc, " Ueber Formaldchyd· 
vcrbindungen cinfn.cltcr Amin<!Siiurcdcrivatc," ibid., 1923, No. (i43, ;J45. 

c. Bcrj.!;m:mn, 1\L, "Bemerkung Ubor die Vcrbindung von Fornmldchyd 
mit Glycinanl!ydrid (Dikctopipcrazin)," ibid., 1924, 20!1. 

107. Brotman, A. J., "The Formaldchydt.'-Gcb~in Combination," J. Soc. 
Lc11lher Trades' Clwm., 1921, 5; 363. 

108. Smith, A. K ., P . Handler, and J. K. Mrgudich, " T he Hcnction of 
F ormaldehyde 1\'ith Amino Acid: X-Hay Diffraction Pattern~," J. 
Phys. Chcm., 1940, 44: 874. 

109. Wolcscnsky, E., " I nvestigation of Synthetic T anning Material," 
Technologic Paper of the Burmu of Standard.~, No. 302, Dct . 8, 1925. 

I 10. Sheppard, S. E ., and H. C . Houek, U.S. pat. 2,165,421 {1939). 
1 11. De>iai, R. D., and M . A. Wali, " DihydrorC~<oreinols. IV. Condensu

t:uu oi l'hcnv\dih:vdrorc~orcinol with Aromatic Aldehydes," J. I ndian 
Chcm. Soc., 1936, 13: n;,-._ 



PART II 

THE ACTION OF LIGHT 



CHAPTER IV 

THE SENSITIVITY OF THE SILVER HALIDE GRAINS 
AND THEIR RESPONSE TO LIGHT 

The light-sensitive photographic emulsion, as discussed in the 
previous chapters, consists of an assemblage of fiat triangular or 
hexagonal grains of silver bromide suspended in gelatin. Ad
sorbed to the grains are gelatin itself and, by implication, some 
of the components of gelatin and other substances, such a.s alkali 
halides available during the preparation of the grains. 

If the photographic emulsion is immersed in a suitable re
ducing solution, known in photography as a developer, no change 
occurs for a considerable time provided that the emulsion has 
not been exposed to light; but if an exposure to a very small 
amount of light has been given, the grains arc transformed into 
masses of metallic silver, the bromine going into solutiou as 
alkali bromide. If the si lver bromide has been exposed to a 
very large amount of light, it is decomposed to a considerable 
extent, contains free metallic silver, and gives up bromine to the 
gelatin or the atmosphere. Exposure to a considerable amount 
of light, t herefore, produces a visible image; and, by analogy, 
t he change which occurs in the silver bromide by exposure to 
small amount:,; of light, as ~t result of which it beeomes develop
able, is termed in photography the latent image. 

The study of the action of light on the emulsion involves 
(1) the special structure of the individual grains by which the 
absorption of a very small amount of ligh t renders them develop
able, (2) the immediate effect of this small amount, that is, the 
nature of the latent image in the grains, and (3) the distribution of 
the exposed grains throughout the thickness of the emulsion and , 
thus, the relation of the number and distribution of the develop
able grains to the exposure to light which made them developable. 

Early studies of the development of silver bromide grainS 
showed that development of a grain continues until all the silver 
bromide has been converted into metallic silver. The initiation 
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of development depends upon the exposure; strongly exposed 
grains start to develop more rapidly than those with less expo
sure, but once development commences in a grain it goes to 
completion if the supply of developer is sufficient. Moreover, 
there is normally little transference of silver bromide in solution 
from one grain to another, that is, the silver which forms a grain 
in the finished image is derived chiefly from the grain of sil ver 
bromide in that place and not from other grains nearby. The 
silver bromide grains tend to stick together in clumps, however, 
two or three small grains attaching to each other; and if one of 
these grains is affected by light, the whole clump becomes de
velopable. The developability of a clump by infection from a 
single exposed grain has been questioned. The subject is dis
cussed in Chapter XXI, p. 832.1•2 

In a study of the action of ligh t upon silver halide grains, it is 
necessary, first, to reach a conclusion as to the nature of the 
latent image, then to deal with its distribution on the grains, the 
relation of the sensitivity of the grains to their structure, the 
primary photochemical reaction involved, and the mechanism 
by which the latent image is formed. 

THE NATURE OF THE LATENT IMAGE 

Bancroft 3 was one of t he first to correlate the information 
concerning the invisible image. In a series of papers, he pre
sented, by selecting and translating from the voluminous writings 
of Carey Lea, Li.ippo-Cramer, Eder, and others, records of fact 
and opinion on the latent-image problem as it was known before 
1910. In 1923, he reviewed later work in an address before the 
Faraday Society.4 

The general question at issue is: What happens to an emulsion 
grain when it is altered by light? The amount of work required 
to alter a really sensitive grain is very small, and the change 
brought about by so little energy is likely to be small. This led 
Bose 5 to suggest that the grains acquired a vibratory strain, 
analogous to that supposed to exist in plants a.nd a nimal tissue 
after stress, whieh would raise the grains to a higher energy 
level and enable them to react with the developer. 

Namias,6 Hurter and Driffield, 7 and Chapman Jones 8 assumed 
some change of state involving, perhapH, polymerization, de-
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polymerization, or conver..;ion to a metastable variety. Brcdig 9 

put forward a disintegration theory, according to which anum
ber of very small granules would result from a parent grain. 
H was thought that their inc1·eased solution pressure would be 
sufficient to start development.* 

The idea that the effect of light is to produce only a physical 
alterat ion of the silver halide has long been abandoned because 
of the well-defined chemie~tl reactions other than development 
which characterize the latent image. Certain chemical sub
stances can duplicate the action of light by producing developa
hilit.y, and most of them are reducing agents. Others can destroy 
the latent image a nd destroy sensitivity to light, and they are 
oxidizing agents. It has, therefore, been accepted for many 
years that the action of light on a silver halide is one of reduction. 
Thus, H. B. Baker, in 1802, demonstrated t.he expulsion of some 
chlorine from silver chloride by light; and the separation was 
proved beyond doubt by Hartung,H1 who weighed deposits of 
s il ver halides on very ligh t supports suspended in a microbalance. 
His instrument would carry a load of 125 mg. and was sensitive 
to 2 X 10- 5 mg. The silver was deposited on quartz, carefully 
chlorinated or brominated with free halogen, and exposed in a 
relatively high vacuum for some days to strong sunlight. A com
plete remova.l of halogen was never effected, and the quantity 
remaining varied with the nature of the residual gas in the appa
ratus. The maximum percentage loss of chlorine, no matter 
how long the exposure to light, was 01 per cent for air, 80.9 
per cent for nitrogen, and 94.8 per cent for hydrogen. 

From these experiments, it is clear t hat the product of the 
prolonged action of light on silver chloride or silver bromide is 
either met.<tllic silver or some form of subhn.lide. The idea that 
the reduction produd is subhalide was proposed by Carey Lea 
as the result of his prolonged researehes 11 on the photohalidcs 
undertaken long before photographic science was ready to use 
them. He believed that the latent image was formed of silver 
subhalide dispersed eolloidally in unchanged normal halide. He 
had noticed that silver halide precipitated in the presence of 
dyes carried down quant ities of the latter, whieh were held very 

• Thceesul(lJCIIt ionenroof hiR!otin interest only. nnd in theli; htof pte$Cntknowledgo 
donotdemnndacrioua llttention. 
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firmly and rendered much more stable to fading and chemical 
action t han they would be alone. By analogy, he supposed the 
latent-image material to be subhalide imprisoned or adsorbed by 
the normal salt. He clung to the subhalide theory because he 
could not believe that, even if there were sufficient energy in the 
light to produce free metal, the occluded metallic sil ver could 
resis t the attack of solvent. It is known, however, that small 
quantities of adsorbed substances have properties quite different 
from those which the substances exhi bit in bulk or if they are 
out of contact with an adsorbing surface. Lea was able by 
chemical means to produce a num ber of silver halides containing 
less halogen tha n the normal salts. They were highly colored 
owing to t he presence of reduced material in a dispersed condition. 
He named them pholohalides because they could also be made by 
t he print ing-out action of light. According to Lea, photohalides 

"are obtained in an endless variety of ways: by chlorizing metallic 
sil ver; by acting on normal chloride with red ucing agents; by partly 
reducing silver oxide or carbonate by heat and treating with hydro
chloric acid; by forming sub-oxide or sub-salt of silver and treating 
with HCl followed by nitric acid; by acting on subchloride • with 
nitric acid or an alkaline hypochlorite." 

Light, t herefore, did not form a pure photosalt. Carey Lea 
called pholosall8 those colored halides containing reduced mate
rial which were not further altered by concentrated nitric acid. 
It is probable that t he action of acid in the preparations men
tioned above was merely to remove reduced silver situated very 
near t he surface . Lea himself remarked t hat prolonged boiling 
destroys even the photohalides; about twenty-five hours were 
required to banish the color from the red chloride in nitric acid 
of sp. gr. 1.35. On complete analysis, the photosalt yielded 
reduced material, which he expressed as 

Subchloride 2.49 per cent 
Normal chloride 07.51 per cent. 

This could have been interpreted equall y well as 

Si lver 
Normal chloride 

2. 14 per cent 
!J7.86 per cent 

* Produced in bulk from !hn subfluoridn aft<'r the manner of Gunt1 by treating a ao\uble 
Bilvcr !!Jllt with a reducing agent. 
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and would have required no assumptions regarding a, subcom
pound, the existence of \Vhich could not be substantiated in any 
other way. 

In the last twenty years, views of chemists as to the nature 
of subst..1.nccs such as photoso.lts have been modified very greatly. 
It is realized that in solids, such as silver bromide, it is possible 
for considerable quantities of free metallic atoms to be present 
and that these cause a strong color in the crystal; rock salt, for 
instance, can be colored to a deep blue by the presence of free 
sodium. 

The subhalide theory attracted a great deal of attention from 
photographic workers and was endorsed by many authorities. 
I t was given considerable support by the work of Guntz,12 who 
definitely isolated the subfluoride, Ag2li', the format ion and struc
ture of which were confirmed and elucidated subsequent ly. 13ut 
Guntz was unable to prove the existence of the other subhalidcs, 
for which, indeed, the energetic and chemical factors per
mitting the formation of the subfluoride do not obtain. This 
led to a series of complete investigations by Luther, 13 Baur, 11 a11d 
others with a view to proving electrochemically that a sub
chloride of silver can exist. Luther's method was to measure 
the potential difference between suspensions of silver chloride 
and suspensions of silver progressively oxidized by chlorine. 
This work represented the last serious support for t he subhalide 
theory of the latent image, since the application of X-ray spec
tnt! analysis has placed beyond doubt the nature of the product 
of the prolonged exposure of silver bromide to light. 

I n 1925, Koch nnd Vogler 15 showed that if silver bromide is 
exposed to light, its X-my powder spect rum, using the Debye 
and Scherrer method, shows lines charactel'i):;tic of meta.llic silver. 
Moreover, if the exposed silver bromide is fixed with thiosulfate, 
t he remaining material shows only the silver lattice. T his was 
confirmed by Trill at, 15 who found that if a fi lm was exposed for 
ten days to ordinary light and was then fixed in thiosulfate, the 
X-ray spectrum showed distinctly the rings corresponding to 
aggregates or silver and that, as exposure was continued for 
weeks or even months, the amount of silver grew. I u the case 
of a film exposed for several months to daylight but not fixed, 
the spectrum showed the presence of both the silver bromide 
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and metallic silver. No trace of silver could be found in fi lms 
which had not been exposed for a long time ; that is, these obser
vations give no direct evidence as to the nature of the latent 
image, but they prove beyond doubt that prolonged exposure 
to light produces metallic silver from silver halides. 

Fro. 4G. E lectron microscope photoJ!;mph of a silver bromide crystal ex· 
posed to inten~e electron beam. X3G,OOO. 

Fw. 47. Electron microscope photogmph of photnlytic l!ilver particles 
(silver bromide exposed to ultraviolet light, fixed). X50,000. 
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The electron microscope make.<; it possible to carry the study 
a little further. Thus, Figure 40 shows a crysta l of silver bro
mide after exposure to the beam in the electron microscope. 
Black deposits have been formed in the crystal, which is break
ing down under the electron beam. Figure 47 shows a i-iilver 
bromide crystal which has been exposed to strong light and then 
fixed. A shadow of the original crystal in the gelatin is seen 
and also a large number of small specks of metallic silver re
maining after the fixation, of which the smallest are estimated to 
be less than 200 A across. These small units appear to be cubi
cal crystals of sil ver, in which case they would have about 2500 
atoms of silver in a face, or a to tal content of 125,000 atoms. 

In view of the continuity between the formation of the latent 
image and the production of a visible image, there seems to be 
every reason to believe that the latent image produced by expo
sure to light consists of aggregates of metallic silver. 

As an alternative to the view that the latent image is formed 
by the liberation of silver atoms from the sil ver halide, Renwick 
suggested that preformed silver particles arc changed by light 
from a sol to a gel form, and in this way nuclei for development 
are obtained. Furthermore, Weigert 18 built up a micelle theory 
of the latent image from his experiments on induced opt'ieal 
an isotropy, according to which the latent image must be formed 
from physically changed micelles- dense, yet amorphous aggre
gates of molecules of all constituent.-; of the emulsion: the original 
silver, dye, silver sulfide, and the sil ver halide itself. The change 
upon exposure to light, which represents a spatial orientation of 
the micelle elements, corresponds simultaneously to an increased 
catalytic activity toward the developer. 

The fact that the photochemical decomposition of silver halide 
crystals is oriented was shown by Trive lli and SbeppardY In 
crystals prepared from ammonia solution, the decomposition de
veloped along certain definite directions; but in emulsion grains 
it occurred a.t points scattered more or less at random on the 
grain surface. 

The strongest argument that the normal latent image, in the 
absence of optical sensitizers, is produced from silver halide itself 
is furnished by the spectral absorption factor. The spectral 
sensitivity curves of the silver halides agree, about as well as 
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could be expected, with the apparent spectral absorpt ion curves 
of the silver halides- apparent, because the determination of 
true absorptions for dispersed light-scattering materials is far 
from easy. But it appears that the spectral sensitivit ies of silver 
chloride, bromide, and iodide are determined by the halide, a 
fact borne out by the behavior of mixtures, whereas according 
to \Veigert's hypothesis they should be determined, without ref
erence to the halogen, only by the specific silver-adsorption 
complex or sensitivity speck . In confirmation of this, desensi
tizing by chromic acid and other oxidizers does not change the 
relative spectral sensitivity distribution, although it reduces its 
absolute value greatly (p. 159). 

THE DEVELOPl\ofENT CENTERS 

The mass of the latent image which can initiate development 
is so small that its chemical nature cannot be identified by direct 
analysis; but in view of the evidence that the prolonged action 
of light on silver bromide produces metallic silver and that this 
occurs in the form of definite specks on the surface of the grain, 
as shown by the microscope, it is reasonable to assume that the 
latent image a lso consists of metallic si lver and that this sil ver 
is located in patches rather than disseminated through the mass 
of the grain . These patches of silver may be considered to form 
developable centers. 

In 1917, Hodgson,u fo llowing some tentative experiments 
made by Scheffer in 1907,20 noticed that if development were 
interrupted just before the appearance of an image and the 
grains were examined microscopicall y, black specks were visible 
in or on t he grain, appearing larger and greater in number the 
longer the t ime elapsing before inspection; they were evidently 
centers of silver deposit ion. 

The investigation of t he nature and occurrence of the centers 
was undertaken by a statistical method. T hree groups of work
ers became interested in the problem at about the same time
Svedberg and his associates at Uppsala, t he British Photographic 
Research Association in London, and the Kodak Research Lab
oratories in Rochester, New York. Inasmuch as a single grain 
which contains a development center becomes completely de
velopable, the effect of exposure in increasing the density must 
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be due to an increase in the number of gra ins in which are 
produced development centers ; that is to say, the probability of 
a grain becoming developable depends upon t he exposure. Ac
cording to this view, t he greater sensit ivity of la rger grains (see 
p. 146) arises from the greater probability of their producing a 
developable center during exposure. 

The distribution of the centers among t he grains was studied 
by Svedberg (Chapter V, p. 212) and found to follow Poisson's 
law of chance distribution, according to which the percentage 
probability for the occurrence of n centers in a grain is 

IOO ·e- • · u" P .. = __ n_! _ ' 

where vis the average number of centers per gra in. Thus, the 
percentage probability that the grain contains at least one 
center is 

p - 100(1 - c-•). 

The haphazard distribut ion of the centers explains the fact that 
not all the grains of a certain size are made developable by a 
certain exposure. Svedberg made experiments the results of 
which agreed so closely with the theory that he cqncluded that 
there was lit tle doubt that the centers were really dist ributed 
according to t he laws of chance. He prepared plates on which 
were coated a large number of grains in single layers. These 
were then developed for a short t ime in order that t he centers 
might be developed , and photomicrographs were made to obtain 
a record of the grains and of the number of centers in the differ
ent grains.2 1 The negatives were printed by projection, so that 
the image of each grain would fit d osely into the same circular 
a rea; t hat is, a ll of them were made the same size even though this 
required varying degrees of enlargement. The prints were super
imposed by turn on a piece of drawing paper and the posit ions 
of the centers pricked through. In this way, a composite record 
was obtained of the likely positions in a large number of grains. 
The 244 centers in the experiment fell within a circle of a certnin 
diameter. Another circle of half t he diameter was drawn con
cent rically, and the number of centers occurring in the inner 
circle and the outer annulus were counted separately. T he ra tio 
of the two numbers was found to be 1 : 6.13. 
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It is easy to calculate the theoretical ratio if the centers in
habit the surface only and to show that it is different from the 
value deduced when they are dispersed throughout the volume. 
I n the first case, it is 

-.13 
2- -.,t3 = 6·5• 

while in the second it is 
-./3 

8/ 3- -,/3'or 1.9. 

The experimental value of 6.6 points emphatically to surface 
distribution. It may be accepted, therefore, that the centers at 
which development starts are situated on the surface of the 
grains in ha.phazard distribution. If the silver halide materia l is 
homogeneous, the probability that a center will form should be 
proportional to t he area of the grain. High-speed emulsions con
tain flat tablets , which generally lie para llel to the surface of the 
film; and the projective area is closely related to the total area. 

Svedberg found that in his emulsions t he probability of occur
rene~ and the projective area were nearly proportional for the 
various grain classes. He defined t he specific sensitivity of the 
grains as the average number of developable centers per sr:iuare centi
meter of surface of silver halide in any given emulsion resulti ng 
f rom unit exposure to light. The specific sensitivity was found 
to differ widely from one emulsion to another. Svedberg's defi
nition o£ sensit ivity stated in unequivocal language the well
appreciated £act that large grains are more sensitive than small 
ones and are more likely to develop centers. 

Toy n investigated the specific sensitivity of four classes of 
grains in a single layer of a very uniform emulsion. By count
ing the number of grains rendered developable in each class for 
each exposure, he was able to construct characteristic curves for 
each class whieh resembled the D log E curve of a multilayer 
plate (Chapter V). If his emulsion gra.ins were separated into 
four classes, the eurves reproduced in Figure 48 were obtained. 
The larger grains proved more sensitive and more similar to one 
another than the smaller. 

The evidence that development started from definite centers 
on the silver halide grains led to an important discussion of their 
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origin. They were clcitrly a::;soeiat.ed in some way with the 
manner in which light acted, and three possibilities prescnt.cd 
themselves: 

l. The development centers might be due to the incidence of 
heterogeneous radiation on homogeneous crystal surfaces. 

2. They might exist in the grain before exposure and differ 
from the rest of the silver bromide, the incident light being 
uniform and not necessarily discrete in structure. 

3. By' a combination of 1 a.nd 2, they might be the result of 
diHcrete radiation incident on heterogeneous cry~tal surfaces. 

AREA OF G-RAINS 

a • o.9e~t 
b • 1.15tJ-t 

C• 2 .i3p.2 
d • 3.93f1t 

Fw. 48. The relation between the area uf grains a nd their 
sensitivity to light. 

A fourth possibility, that development had to start somewhere 
and that it st-arted at points, was soon discounted as responsible 
for t he existence of the centers, for, if this were the case, they 
would grow in number as the time of development increased ; 
but in practice this does not occur. 

The first hypothesis mentioned ahove was put forward by 
Silberstein 23 as the 0 light dart" theory, based on the quantum 

' 
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theory of radiation (Chapter V). Later, Silberstein :w modified 
his theory to bring it into line with the third possibility. Toy's 25 

experimental work supported the conclusion t hat a material 
other than silver bromide was distributed at points on the grain 
surfaces, and he assumed that it was present in the form of 
separate particles produced during precipitation and ripening. 
For any normal exposure, it is these particles which provide the 
reduction nuclei, the only function of exposure being to change 
their condition so that they become susceptible to the action of 
the developer. All nuclei do not require the same intensity to 
change them; they are distributed among the grains according 
to the laws of chance; only grains wh ich have at least one nucleus 
are developable, and the average sensitivity increases with the 
size of the grain. The sensitivity of a grain is that of its most 
sensitive nucleus. This was the hypothesis adopted by Toy,22 

on which he based an extensive series of investigations which 
lent support to it. 

Svedberg had assumed a similarity between the light-sensitive 
material in the large and small grains, but considered the sensi
tivity of a nucleus to be independent of the size of the grains, 
so that the on ly effect of increasing the size would be to increase 
the total number of nuclei. .More recent evidence is that the 
sensitivity specks themselves are not the light-sensitive sub
stance. The possibility that the sensitivity might be increased 
by traces of material not silver bromide led to the proposal that 
this material might be affected by chemical reagents which would 
not attack silver bromide and thus the action of light could be 
simulated by chemical means. 

I n this way, light was shed on the nature of the centers by 
investigators, notably Clark, who studied their production by 
chemical foggi ng agents. It had been observed as earl y as 
1887 26 t hat an emulsion could be made developable by chemical 
agency in the absence of light, even to the production of re
versalY Perley 28 in 1909 showed that hypophosphites, arse
nites, and stannous salts fogged emulsions; and his findings were 
corroborated by Bancroft.29 Clark,30 in the first of a series of 
papers concerning the fogging action of arsenites a nd hydrogen 
peroxide, suggested t hat the pre-existence of sensitivity centers 
in the emulsion grain could be proved if chemical reagents 
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affected the grains quanti tatively and statistically in the same 
manner as light . Furthermore, if chemical action duplicated 
ligh t action, the vexed question of separate light quanta versus 
continuous wave reception might be irrelevant to the photo
graphic effects. For his experiments, Clark used single-layer 
platell coated wit h an emulsion of the kind used by Toy, in which 
the grains 'vcre f!a.t table ts, all of much the same shape and size. 

0.3 

I 0.2 

o .• 

N-

Fm. 49. T he production of ilcvelopability by treatment with 
sodium arsenite. 

Toy had verified Svedberg's conclusion that the likelihood of n 
centers being found in an exposed and partially developed grain 
could be denoted by 

where v is the average number of centers per grain . Clark ob
tained a curve connecting n with P ,. for plates t reated with 10 
per cent sodium arsenite, wh ich exactly duplicated the curve 
obtained from light action (Figu re 4H). He found, furth ermore, 
that the arllenite centers 'vere situated in the same regions on 
the grains as the light-ac ti vated centers. The ratio of the num
ber of centers on the flat portions of the grains to the number on 
the edges was 1 : 2.3 in each case. The actions of light and 
arsenite appeared identical. 

T o obtain heavy fogging, Clark had employed solutions con
taining as much as 10 per cent of commercial sodium arsenite. 
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To insure that this fog did not result from interaction between 
the arsenite and the silver bromide but from the reaction of 
arsenite on the sensitivity centers, he compared 31 the action of 
the arsenite solution on an untreated plate with that on a pla te 
from which the sensitivity centers had been removed by oxida
tion. The developability in the second case appeared negligible 
compared with that in the fi rst. Clark also ~2 investigated the 
formation of complexes between silver salts and arsenite solu
t ions. I n the ease of mono-sodium arsenite solution, no reaction 
was found, but there was a very pronounced reaction upon the 
addition of more alkali. Sheppard, Wightman, and Trivelli/ 3 

who investigated the attack of arsenite solutions on silver bro
mide, found a very rapid reduction to silver in the case of the 
di-sodium arsenite. They even found a slight reduction with 
mono-sodium a rsenite when silver bromide was agitated with 
the solution for a long time. 

The fact that oxidizing agents can destroy the latent image 
is an important point in the theory of nuclei. Joly 3'1 in 1905 
had shown t hat uranyl nitrate reduced sensitivity, and Liippo
Cramer 3~ had noticed the effect of chromic acid in depressing 
sensitivity when it was added to the liquid emulsion during 
manufacture. Abney, Schaum, LumiCre, Reiss, and many others 
had reported the act ion of such salts as cupric sulfate and mer
curic chloride. A very thorough survey of the action of oxi
dizing agent.~. in particular of chromic acid, was made by Eder:1n 
Bullock assembled mo:;t of the published data concerning the 
chemical reactions of the latent image in a monograph, which 
includes much of his own work. The book contains an exten
sive bibliogmphy, and the reader i:; referred to this for detailed 
information.37 

Sheppard and Mees 38 investigated quantitatively the action 
of chromic acid on sensitivity, development, and the destruction 
of the latent image. They showed that both 'Y and speed are 
greatly reduc:ed by immersion, after exposure, in N / 50 chromic 
acid solution. 

Clark n,;ll studied the action of chromic acid on silver bromide 
before and after exposure to light. He plotted curves showing 
t he increase in the percentage number of grains changed with 
t he increase in exposure for single-layer plates which had re-
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ceivcd treatment before exposure. Curve A, reproduced in Fig
u re 50, is from the original emulsion, while curves B2 and B 3 are 
from measurements on plates which had received short and long 
desensitizat ion in chromic acid. Essentially, chromic acid moves 

•oo 
I •o 

~"" 
~ 10 

g 60 

!Z 50 

~40 

~30 
20 

•o 

lOGE-

Fw. 50. Developal>ility of silver halide grains treated with chromic acid. 

the cu rves to the right along the exposure axis, indicating a 
reduction of speed. The effect of the desensitizer was most 
marked on the smaller grains, as had been noticed by Sheppard.40 

This is shown plainly in T able VII, compiled from Clark's data: 

Grn.inA rm 
in!'' 

4.0 
2.4 
1.76 
1.23 

TABLE VII 

l'erccnW.ge Number of Grains Chan{)ed 
Desensitized Unl.reaied 

67.\J 
55.0 
42.0 
17.\J 

100.0 
85.0 
7.5.0 
52.3 

These resu lts arc plotted in Figure 51. 

RatW 

1.47 
1.55 
1.78 
2.92 

One of Clark's most interest ing experiments concerned the 
action of chromic acid on ordinary commereia.I (not single-layer) 
plates previously exposed to light. Because developability after 
exposure is destroyed by ch romic acid, the plate can be exposed 
again and will reeord a new image. Clark found that t he reduc
tion in speed hy this desensitization was much greater for plates 
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which had received pre-exposure than for those which had not. 
The desensitization was almost independent of the time of im
mersion in the chromic acid and differed in this respect from the 
plates which had not received pre-exposure (Figure 52). The 
depressing effect of pre-exposure became less marked the slower 

the emulsion, until, with a 
slow-process plate, exposed 
or unexposed, the curves 
were identical (Chapter VII , 
p. 295). 

From these experiments, 
some deductions can be made 
concerning the sensitivity 
substance. It would appear 
to be less attackable than 
the latent-image substance, 
as after light exposure it 

~.&.IN 351u ;a becomes reactive and com-

Fw. 51. The relation between the pletely removable. The in
developability and size of desensitized ference might be that light 
grains. changes the sensitivity sub-

stance into the latent-image 
substance, but this explanation is not entirely adequate because 
with very slow plates the action of the oxidizer is the same with 
and without exposure. It is sufficient to state, therefore, that 
the sensitivity substance is possibly more plentiful, but certainl y 
more resistant, in the large and fast grains. The ratio of the 
numbers of development centers on the edges of the grains to 
those on the flat surfaces was found by Clark to be reduced from 
2.3: 1 to 1.05 : 1 after exposure and desensitization. This again 
supports the view that a special sensitivity substance had been 
removed from the edges of the grains. 

Sheppard,u Wightman, and Trivelli 42 found that, by t he alter
nate application of chromic acid and potassium iodide, sensi
t ivity could be reduced to a minimum and t he latent image 
almost but never quite destroyed. They became convinced that 
part of the latent image and part of the sensitivity substance 
were situated within the bulk of the grain, to be liberated only 
under special circumstances (p. 166). 
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The Nature of Sensitivity Specks 

By the beginning of 1924, it was realized that the developer 
acts on the grains at local points , coinciding, perhaps, with the 
action of light, that the local points or specks represent dis
continuities in the grain structure, and that most of the useful 

60 80 120 
MINUTES IN N/20 Cr03 

FIG. 52. The effect of chromic acid on the sensitivity of plates (A) without 
and (B) with preliminary exposure. 

specks are situated on the surface of the grain. The question 
arose whether the specks are places of disruption or physical 
strain, points of partial reduction by degradation of the gelatin, 
or are composed of foreign substances. 

An effective solu t ion was provided by the discovery by Shep
pard (p. 95) of the presence of isothiocyanates in photographic 
gelatin and of their reaction with silver bromide to form double 
compounds of relatively low solubility. He showed that at low 
concentrations microscopic specks arc formed on silver halide 
crystals, which are converted under alkaline conditions to silver 
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sulfide. It was at least reasonable to aS13ume Lha.t, at the still 
lower concentrations used for sensitizing, similar but ultramicro
scopic specks would be formed. 

E xperiments in which emulsions sensitized with thiocarb:un
idcs were kept at low pH throughout showed very slight sensi
t izing, whereas an increase in the pH produced a steady ri1:1e of 
sensit ivity. A noteworthy parallelism was found between a 
curve showing t his and the rate at whieh the double compound 
of allylthiocarbamidc and silver bromide (as a function of pH) 
deeomposcd. In general, t he fact that emulsions of high speed 
could be prepared in the presence of thiocarbamides, under con
ditions of pH, temperature, and t ime which were found by direct 
experiment to convert the combina t ions of silver ha lide and 
sulfur body to sil ver sulfiU.e, makes auy other interpretation very 
improbable. Once the sulfide is formed, any reversible speed 
increase by rise of pH, sueh as that discovered by Rawling;13 

could not be explained as a further produdion of sulfide. The 
irreversible speed increase, however, may be at t ributed to the 
formation of silver sulfide. Even if there is no direct proof of such 
a reaction, the fact t hat conditions precluding silver sulfide forma
t ion give little or no sensit izing with thiocarbamide, while condi
t ions which produce ana.lyzable amounts of silver sulfide do give 
sensit izing, const itutes the essentia l evidence for the assertion. 

The identification of the sensiti:>: ing substance as silver sulfide 
advanced knowledge by a decisive step but left the mechanism 
of sensit ivity still to be explained. In the first experiments 
suggested by his discovery, Sheppar·d determined the quantity 
of t hioca rbamide necessary to produce a fast emulsion and 
studied the way in 'vhich it combines with the silver halides. 
I n emulsion-making, only a portion of the gelatin is used for 
precipitation, t he rest being added when digestion a.nd washing 
are completed (p. 5). The sensitivity of the emulsion is so 
largely dependent upon the quality of the final gela tin that it 
must be the sensitizer in this portion that yields the silver sulfide. 
Additions of ar tificial sensitizers arc most successful if made with 
the later gelatin. 

It is difficult to obtain satisfactory results by bathing coa.t.ed 
emulsions instead of sensitizing the emulsion. .Just su fficient 
:sensiti:>:er must reach each grain ; otherwise, sent>it-ivity is im-
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paired a nd fog increases. If multilayer plat-es are bathed, it is 
difficult to present sufficient sensitizer to the lower grains without 
using far too much for the upper. Sheppard and Wightman 44 

were not able to secure uniform sensitization by bathing any 
but specially prepared single-grain layer plates. By keeping the 
sensitizer acid and adding a soluble bromide to repress the solu
bility of the double compound, they were able, with a subsequent 
bath in dilute alkali, to get reasonable increases in sensitivity. 

To examine the action of t he sensitizer, the first requirement 
is an inert gelatin. Such a material does not occur naturally, 
although gelatin made from rabbits, which seem to dislike 
sulfur-bearing vegetables, is relatively inactive. Whatever the 
source, the gelatin must be purified. De-ashing, by treatment 
with alkali and acid followed by washing with distilled water, 
removes diffusible sensitizers. Treatment with oxidants, such 
a::; permanganate, hypochlorite, or sodium peroxide (followed by 
agents such as bisulfite to remove excess) , destroys non-diffusing 
sensitizers. (Such treatments destroy also sonic antisensitizers, 
while treatment with silver bromide, useful only for research 
purposes, removes both sensitizers and antisensitizers.) 

An emulsion is made with the purified gelatin and, at the 
appropriate stage, is divided into lots which are treated with 
varying quantities of sensitizer. The lots are coated for con
venience on glass plates, dried, and examined for such photo
graphic qualities as speed, "Y, and IatentJog, after different t imes 
of development. Sheppard found that very small quantities of 
sensitize r gave a noticeab le increase in speed. One part in a 
million gave a detectable change, and probably not more than 
one part in fifty thousand is responsible for the sensitivity of 
high-speed emulsions. With further additions of sensitizer, the 
speed increased greatly; bu t the gain was of li ttle use because of 
the increase in latent fog or spontaneous developability. The 
speed did not increase indefinitely; but with the incorporation of 
about one part of sensitizer in seven thousand of the emulsion 
(dry weight) a well-defined maximum was reached, after which 
the speed fe ll unt il, with one part in two hundred, the fog was 
as high as the maximum density of some of the other plates, and 
it was a lmost impossible to determine the speed. The growth 
of fog and sensitivity is shown in Figure 53. 
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Useful addition of the sensit izer does not alter the appearance 
of the emulsion even under the microscope. If more than 0.1 
per cent of sensitizer is present, the emulsion becomes brown 
with silver sulfide. The distribution of tPe sulfide over the 
grains was elucidated by the studies of Sheppard, who, with 
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Flo. 53. The growth of fog and sensitivity in an emulsion made with 
gelatin containing a 11Ulfur ~ensitizcr. 

Hudson 45 and Trivelli and Wightman,~6 attacked the mat ter 
from two standpoints. Hudson allowed a fused lump of silver 
bromide to hang in a solution of allyl thiocarbamide until, after 
some twelve hours, crystalline clusters of the silver bromide
thiourea complex were found growing from individual points on 
the surface (F igure 54). It is probable, t herefore, t hat, when 
silver bromide grains are attacked by a solut.ion cont.aining thio
carbamide, the latter is adsorbed to the silver halide and reacts 
with it in situ 47 to form the molecular .cOmpound. It is most 
unlikely that, in the subsequent degradation of the compound by 
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alkali, the silver sul fide wou ld be redistributed over the grain. 
The suggestion is emphatic that the sulfide is produced at points 
previously occupied by the double salt. 

Trivelli and Wightman's experiments concerned actual emul
sion grains. A single-grain layer plate was bathed for an hour 

Fro. 54. Photomicrograph of cry!;ta l ~ of the thiocarbami(\e addition 
compound with !;i\ver bromide. X30. 

in 1/ 100 per cent allyl thiocarbamide solution and was then 
treated with a lkali. It was photomicrographcd before treat
ment, after thiocarbamide, and again after treatment with alkali. 
The pictures (Figure 55) show that the specks are clearly visible 
in the second and third stages. To refute the suggestion that 
they are due to the intense red light from the microscope con
denser, another set of grains was illuminated until they showed 
alteration, and the optlcal decomposition was compared with 



158 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

that given by sulfide: There was no resemblance; the sulfide 
collected in a very few places, whi le the photochemical decom
position showed a regular pattern. 

FIG. 55. Photomicrographs of silver bromide grains: top, original crys
tals; left, speck;; of the thio~.:nrbamidc addition formed on the crystals; 
right, the specks converted by alkali to silver sulfide. 

In 1927, Clark 48 attempted to distingu ish between the sensi
tivity substance and the latent-image substance. These experi
ments with chromic acid, which have already been discussed, 
had shown there was a much greater reactivity of the latent 
image, from which he concluded that an oxidizing solution of 
very low oxidation potential should not attack the sensitivity 
centers if they consisted of silver su lfide; therefore, such an 
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oxidizing solution should not decrea~e the sensitivity of an un
exposed plate but should destroy the latent image in an exposed 
plate if the oxidation potential were high enough for the solution 
to attack silver. The experimental results seemed to indicate 
that the unexposed grains contained not only silver sulfide but 
also silver, which was more easily dissolved. In this connection, 
Sheppard 411 and Ballard emphasized the importance of the degree 
of dispersion. Their experiments dealt with the attack of per
sulfate on colloidal silver sulfide and showed a rapidly increasing 
rate of a ttack with increasing dispersity. 

The Function of the Sensitivity Specks 

It being established that highly sensitive silver bromide grains 
have specks of silver sulfide on their surfaces, the next quest ion 
is what is the function of these specks in promoting sensitivity? 
According to Toy's (p. 148) theory, the grains previous to expo
sure contain photosensitive spotf-1 which vary not only in number 
but also in photosensitivity. Sheppard, Trivelli, and Loveland ;o 

showed t hat the conclusions as to the relation between the num
ber of developed grains and the exposure for grains of various 
sizes which follow from Toy's hypothet-\i!l are not in accord with 
experimental results ; but an even greater difficulty arises from 
the fact that if the pre-existent nuclei are light-sensitive and 
essentially different from silver bromide, their spectral absorp
tion should determine the spectral sensitivity of the materia l or 
powerfully affect it. The spcetral sensit ivity of certain plates 
before and aft-er desensitizing with chromic acid according to 
methods a lready described was determined.~~ The relative spec
tral sensitivity in the blue-violet region was the same after de
sensitizing as before, this distribution corresponding to the 
absorption spectrum, approximately, of gelatino-silver bromide. 
This conclusion is confirmed by the results of Toy and Edger
ton "2 that upon exposure to a mercury-arc lamp at 435.8, 406.2, 
and 365.0 m~, the experimental relation between the amount of 
the incident light energy and the number of centers produced 
is that to be expected if allowance is made for the light absorption 
by the silver bromide grains, the agreement being improved if 
the light absorbed is reckoned in quanta. From this, Toy ~3 
drew the conclusion that the actual substance changed by light 
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in the formation of the latent image is silver bromide-"the 
function of the traces of foreign matter at the centers (nuclei) is 
to facilitate, catalytically, the decomposition by light." 

Sheppard, Trivelli, and Loveland ~ 0 point out, however, that 
catalytic facilitation of "the decomposition of silver bromide by 
light" could not occur without either optical sensitizing (which 
had been disproved) or contradiction of Einstein's 1>4 photochemi
cal equivalence principle, which had been shown to hold for the 
photolysis,•~.M and which also agrees with Toy's spectral results. 
Hence, the foreign nuclei do not affect (1) the relative spectral 
sensitivity, (2) the number of quanta absorbed, (3) the number 
of silver atoms formed per quantum absorbed. 

From these conclusions, Sheppard, Trivelli, and Loveland de
veloped the theory that the function of the nuclei is to "concen
trate the silver atoms reduced by the light absorbed by silver 
bromide." They suppose that specks of a material, probably 
silver sulfide but, in any case, not silver bromide, are formed on 
the grains during emulsification by casual adsorption and reac
tion with the silver bromide of a substance from the gelatin. 
This forms a number of specks scattered at random among the 
grains and further varying in size owing to the inelastic and elas
tic collisions of the molecules of the adsorbed substance according 
to the laws of probability. Once a speck is formed, it will grow, 
because in its immediate neighborhood the number of inelastic 
collisions and fruitfu l encounters will be relatively greater.* It 
can be shown t hat by t hese premises not only does the average 
number of specks on large grains in the same emulsion tend to 
be greater t han on small ones, but the average size is also greater. 
Evidence has been obtained that the same is true for "over-size" 
specks, i .e., fo r those large enough to induce 11 spontaneous de
velopability" or emulsion fog. 

But, with an increasing number of specks per grain, there is 
an increasing chance of the specks growing, and this tendency 
may restrict the increase in number of specks in the larger grains. 
In agreement with this, it is supposed that the apparent "sensi
tizing" action of a speck is confined to increasing its size by 
accretion of photochemically reduced silve~ atoms to form a 
nucleus large enough to induce developability. Hence, the less 

• Thi• may be e~ily oheervcd in the deposition of noble metals by cathodic ~putWrin~~:. 
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the exposure required for this, the greater the apparent 11sensi
tivity " of the grain. The increase in a.veragc size of specks in 
larger grai~s would make it seem unnecessary to assume with 
Toy that if a nueleus is in a larger grain, it is more sensitive thnn 
it would have been in a smaller grain. This conception of Toy's 
may be reinterpreted. It depends upon the premise that the 
larger the silver halide grain, the larger the area illuminated, the 
more quanta of light absorbed, and the greater the numbef of 
silver atoms reduced and available for eoncentration.~1 

The concentration speck theory has been recognized from the 
beginning as an important step in the explanation of the latent
image process. Though later work has modified somewhat the 
view as to the details of the process whereby the latent-image 
silver is coagulated around the sensitivity specks, the basic idea 
of the concentration speck theory has not been overthrown. 

The size of the sensitizing :specks and the amount of silver 
necessary to make a grain developable were the objects of several 
investigations. Sheppard discussed~~ the quantity of silver 
which the latent image is likely to contain and compared this 
with the quantity of silver sulfide found by microanalysis in the 
sensitivity specks. The data on silver include the values of 

Authority 

Hibth nud Pohl 

Arens nnd Eggert 
Jonc:~ and Schoen 

TATILF. VIIT 

Degree 
of 

E xposure 

Hetwy exposure 
Medium " 
D - 1 
D - 1 
Thre~ho!d " 

Gram-t o/ Sib.v:r 
per Gram of 

A g/Jr 

O.!i X 10--'~ 

0.& X 10'1 
10~ 

0 . ."1X w-• 
0.5 X lO-t 
3.6 X IO-t 
Z X 10-1• 

sa~~·r A tmll$ 
per Grain of 
I,., X O.J,. 

4300 
430 

"'"' 400 
40 
24 
3 

Sheppard and Wightman, values determined later by Jones and 
Schoen,~9 the important results of Hilsch and Pohl/ 0 and a 
figure secured by Arens and EgJ,!;ert.61 The figures for silver 
sulfide content are based on experiments with two representa
tive emulsions of the high-speed type. The grains from these 
emulsions, after the digestion process with gelatin containing the 
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usual quantity of labile sulfur, were separated into Lince fractions 
by centrifuging. T he gz·ains \verc t~na lyzcd for silver sulfide by 
the methylene blue 62 method: 

TABLE IX 

A t-.r.rayc Prrctmlagc Gramsof Sillocr 
Grain R cl<lli1oe MaM Sulji&! per Gram 

Bxpen'mtml. Diamclcr of Practi01l. of S ihocr Bromide 

( 2.0,.. 72.2 5.95 X 10-< 
1.0,.. 23.4 3.18 X JO-< 
0.2,.. 4.6 56.2 x w-• I ,,. 50.0 7.4 x Jo-• 

2. l.Op. 4G.l 5.5 x w-• 
0.2,.. 3Jj 36.0 x w-• 

Cltm-fi nc 0.2-1 IO.'i.O x w-• 

The data set the fol lowing limits as probable : atoms of light
liberated silver in exposed grain, 1- 500; molecules of sil ver sul
fide in sensitized grain, l,OOo-20,000. That emulsion gmius 
contain much more silver as silver sulfide than is contributed as 
metalli<: silver by latent--irnap;e formation seems certain; but the 
distribution of the silver or silver sulfide is not taken into con
sideration, and they may be either distributed uniformly or 
concentrated in a few scattered nuclei. Accordingly, these re
sults do not give information on the size of speck required to act 
as a nucleus in initiating development of the grain. 

Svedberg 63 drew an analogy between the photographic nucleus 
for development and the reduction of gold solut ions, in which, 
aecordiug to experiment$ of Zsigmondy a nd Thiessen,$4 t he nu
cleus action begins \vhen the gold particles exceed a. size of about 
:~00 atoms. According to Svedberg's ideas, the size of the silver 
nucleus in the latent image would have to be of the same order 
of size. 

Reinders and Hamburger 65 attempted to determine the mini
mum size of silver nucleus that would initiate development by 
depositing silver layers of subatomic thickness by sublimat ion 
in high vacuum. The atoms in such layers a.re scattered hap
ha-zardly, mainly as single atoms but also in groups of two, three, 
four, or more atoms with decreasing frequency. Reinders and 
Hamburger calculated the distribution of atoms in such sub
atomic layers by the probability theory. They a..'$$Umed that 
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the atoms of the extremely dilute silver vapor upon striking 
a glass surface a t low temperature remain where they st rike. 
On a. surface which has room for n atoms in a closed mon
atomic arrangement, Bn atoms are deposited (B = thickness of 
layer decided upon) ; and aggregates of A atoms can be formed 
by atoms touching or landing upon one another. If x is the 
part of the surface covered by these aggregates, from prob&
biHty considerations it can be shown M that for small values of 
B (B < 0.01), 

w 
X= P:f[j e-~, 

in which the factor p has the va lue 1 for single atoms, p = 7 
for double a toms, p = 7 X 10 for triple atoms, p = 7 X 10 X 12 
for quadruple atoms, etc. For 13 = 0.005 and for a surface area 
of 10 j.L2, t here would be about 771,000 single atoms, 14,000 
double atoms, 235 aggregates of 3 atoms, l:'tnd 3-4 aggregates of 
4 atoms. ForB = 0.001, there would be 160,000 single atoms, 
500 double atoms, and 2 aggregates of 3 atoms. 

Reinders and Hamburger produced layers varying from 
B = 0.001 to B = 0.2 on glass plates and subjected these layers 
to physical development (freshly prepared solution of 1.5 gms. 
hydroquinone and 0.2 gm. gum arabic in 100 cc. distilled water 
to which 1 cc. of a 25 per cent silver nitrate solution had been 
added several seconds before use. The temperature of develop
ment was 20° C.; development time, 8 minutes with automat ic 
agitation). They found that physical development of t hese thin 
layers becomes possible when the layers reach an average thick
ness of 0.001 to 0 .005 atom. From this fact and microscopic 
observation of the developed layers, they concluded that isolated 
silver a toms do not act as nuclei a nd the developability of an 
aggregate of silver atoms begins when the aggregate contains 
three or more atoms. In the developed layers of 0.005 atom 
thickness, it was observed that the ultramicroscopic grains were 
distributed so t hat approximately three or four were present 
per 10 p.~ area. The probability calculat ion for this case gave 
about three to four aggregates of four atoms in the same 
area . 

In later work by Reinders a nd DeVries,67 the above experi:. 
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ments were repeated with greater refinement, the lower limit of 
the silver nucleus being set at four silver atoms. 

In an evnhuttion of the work of Reinders and Hamburger and 
Reinders and DeVries, it is to be borne in mind that their con
clusions rest on the assumption that atoms which strike a surface 
become fixed as soon as they touch the latter. This assump
tion is open to question. Condensing atoms and molecules 
may remain for a short time in violent motion along the ~mrface 
of the support. The presenee of this j'adlineat.ion" would, 
of course, invalidate the calculations quoted above. l\•Ioreover, 
the experiments just reported apply to the case of physical 
development of a silver nucleus situated on a glass plate, sepa
rate from silver bromide. It seems probable tha.t the size of 
nucleus required to start development when the silver is ad
sorbed to silver bromide and, furthermore, is protected to some 
extent by the charged grain surface and the adsorbed gelatin 
might be different from the value of three to four atoms found 
in t hese experiments. Indeed, a gradual transition in initial 
reactivity to development might be expected from the unexposed 
grains to the well-exposed ones. The interface condition is not 
the same when the silver nucleus consists of two or three atoms 
as when it consists of several thousand. Up to a certain limit, 
which should be reached by the time the silver nucleus is com
posed of a few hundred atoms of silver, the interface reactivity 
increases as the size of the nucleus increases. There is, there
fore, no justification for speaking of a 0 critical" size which the 
latent-image nucleus must attain before a grain becomes de
velopable; all of the grains are developable, but to a different 
degree. T his is true, of course, of only the very early stages of 
reduction of the individual grains. Once the silver nucleus has 
a ttained sufficient size, the rate of reduction of the grain should 
be independent of the amount of exposure which produced the 
original nucleus. 

QUANTUM EQUIVALENCE IN THE PHOTOLYSIS OF 
SILVER BRO]..UDE 

In any theoretical study of the photographic process, consid
eration must be given to the experimental evidence for the va
lidity of the quantum equivalence law in the photolysis of silver 
bromide and its applicability to sensitivity and a lso to the relation 
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between the absorption of light and the photocurrent produced. 
In 1921, Eggert and Koddack ~"" shmved that the number of 

silver atoms produced in the photolysis of sil ver bromide or 
chloride is equal to the number of light quanta absorbed by the 
silver halide. This agrees with the photochemical equivalence 
law of Einstein (p. 178)/'4 This applies only to the direct action 
of light, and the photolysis of silver halide is one of the few cases 
whe~e the validity of the law is not obscured by subsequent re
actions. The experimental difficulties in the determination of 
the quantum equivalent are very considerable. They arise in 
connection \Vith the absorption of light in a turbid emulsion, with 
the analytical determination of the minute mass of sil ver pro
duced, and with the necessity for removing the halogen by an 
acceptor to. prevent recombination. 

The validity of the photochemical equivalence law was con
firmed in later investigations by the same authors r.5 and by 
Mutter/•6 Mutter used silver bromide precipitated in the ab
sence of any binding material and, therefore, added sodium 
nitrite to react with the bromine liberated. In the presence of 
gelatin, such an absorbing agent is not 80 neces8ary. Table X 
shows the results obtained by Mutter : 

TABLE X 

QuANTUM YIELD (q, ) FIIO:M Fm:F. PnF.CIPITATBD Sn.vER BnoMIDE POll AN" (INITIAL) 

AnROIIP'l'ION OF ;",() l'ER CJo:.':T RADIATIOI\" Of' 436 ltl;< 

inNal\'0• inNafiO: inNaNO, 
inH.O Solution SolutUm Solution 

'" (,$% AgNO, (5% AgNO, (35o/o AgNO, (4 0% KlJr 
l~idcnl in5% KBr) in 5o/o KBr) in5% KBr) in 5% AgNO,) Ag+-body 

O.ii X JOlT O.IG 0.60 0.92 1.20 1.20 
1.0 X 10" .16 .56 .02 1.20 0.92 
2.0 X 10'7 .15 .•ii) .90 1.10 .76 
3.0 X 10'7 .14 .53 .80 .50 

The lowest values of the quantum yield are in column 2, 
where water is the only halogen acceptor, which, as noted later, 
is quite inefficient. The series in column ti is interesting because 
of the more rapid fall with increasing exposure. Here the only 
halogen acceptor besides water is the adsorbed silver ions, the 
capacity of which would be quite limited. 

These and the other researches referred to indicate a maximum 
quantum equivalent of unity (¢ = 1). In the aqueous systems 
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considered, the chief halogen acceptance reactions may be re
garded as 

Br + Br ----+ Br2 l I 
Br2 + H20 ;:::= Br- + OBr- + 2H+ 

Since OBr- (hypobromite) is an active brominating and oxidizing 
substance, it is evident that in water alone the quantum yield 
could not approach the maximum. The effect of bromide and 
hydrogen ions on the equ ilibrium is significant, as noted later. 

If nitrite ions arc added, it may be assumed that the fo llowing 
reactions will occur: ~6 

Brz+2NOz- -2Br-+Nz04 l II 
N20 ~ + H20 - H +N02- + H+NQ3-

OBr- + N02- -Br- + N03-
(via reaction system I) 

THE DISTRIBUTION OF THE LATENT IMAGE IN THE 
SILVER BROMI DE GRAIN 

T he validity of the quantum equivalence law for the silver 
produced by the photolysis of gelatin sil ver bromide suggests 
that this law must be valid also in the case of the much shorter 
exposures required for the product ion of a latent image. The 
effectiveness with which the latent image, however, causes de
ve lopability depends not so much upon the mass of silver pro
duced as upon its distribution among the collecting cent-ers at 
the surface. There is strong evidence that latent-image specks 
may be formed within the grain as well as on the surface; but 
in the absence of any solvent in the developer, only the surface 
image can initiate development. 

In 1894, Kogelmann 88 dissolved away the surface of the grains 
to reveal to the developer latent-image nuclei below the surface 
of the grain . In 1891, Lainer 69 noticed that small quantities of 
iodide added to the developer increased the amount of density 
or, perhaps, latent image which could be developed. von HtibJ,7° 
Ltippo-Cramer, 71 and Sheppard 72 examined the action of very 
dilute iodide previous to development. Ltippo-Cramer sug
gested that any intensification was due to the opening up of the 
grain by the formation of silver iodide, since it has a different 
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specific volume. Straining the surface or accumulating in the 
fissures, it might reveal internal nuclei which would not act in 
the ordinary way as development centers. Renwick,73 however, 
was able to convert an ordinary bromo-iodide plate, which con
sists chiefly of silver bromide, into silver iodide by immersion 
in potassium iodide solution without completely destroying a 
latent image. He used su lfite in the solution to reduce any 
iodine liberated from the iodide. The experiment was valuab le 
as showing that the latent-image substance itself was not a silver 
halide and that it was stable in the presence of a mild reducing 
agent. Earlier, Ltippo-Cramer 14 had demonstrated that a latent 
i~age apparently destroyed by chromic ac id could be revived 
by treatment with dilute iodide before development. Two sets 
of plates were exposed behind a step wedge (the Chapman-Jones 
plate tester 7~) , treated with chromic acid solution, and one set 
further treated with 1 per cent of potassium iodide. After pro
longed development, no trace of an image appeared unless the 
iodide was used, in which case as many steps became visible as 
by development of a completely untreated control plate. This 
supported the contention that the iodide had laid bare nuclei in 
the interior of the grains, where they had remained protected 
while in the desensitizing bath. Kempf 76 made a study of the 
topographical distribution of the latent image by treating the 
grains of an exposed photographic emulsion a lternately with 
silver and silver bromide dissolving solutions. In this way, the 
latent-image substance on the grain surface was alternately de
stroyed and made to appear again. Kempf demonstrated t hat 
the latent image is distributed throughout the grains, its con
centration decreasing toward the center of the grain. With 
X-ray exposures, he found the decrease of latent image with 
depth to be more rapid than with visible light. Kempf used 
emulsions with especially large grains, not normally used in 
photography, which he prepared with inert gelatin. 

T he distribution of the latent image between the surface and 
interior of the grains of some commercial emulsions was investi
gated by Kornfeld.H The densities of two exposed strips of the 
same fi lm were compared after post-fixation physical develop
ment, one strip having been treated with ammonium persulfate 
after exposure. For low exposures, the density produced by the 
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centers in the interior of the grains was only a very small part 
of that produced by the untrea ted grains. Thus, practically 
all the sensit ivity specks arc present at the surface of t he grains, 
which agrees with the fact that the growth of the grains is com
pleted before the "after-ripening" sensi tizing gelatin is applied. 
Previous estimates suggested t hat the sensitivity at the surface 
of the silver bromide grains is less than one one-hundredth part 
of the sensitivity of the whole grains, but t here uppears to be 
no evidence for this suggestion. At higher exposures, the den
sity from the centers in t he interior of the grains increases 
considerably. 

Lilppo-Cramer 78 suggested that t he reciprocity law failure at 
high in tensity is to be attributed to the formation of increasing 
amounts of latent-image nuclei in the interior of t he grain with 
increasing intensity, so that with ordinary developers, which act 
mainly on the grain surface, a loss of speed results. Lilppo
Cramer further proposed that the Clayden effect is caused h.r 
the formation of in ternal latent-image nuclei. He assumed that 
the first high-i ntensity exposure to light fo rms nuclei in the 
interior of the grain a nd that upon the second exposure to weak 
ligh t these interior nuclei act as sensiti vity centers for the latent 
image, thus producing the desensitization observed in the Clay
den effect. Lilppo-Cramer gave no experimental results W sup
port his views. Landau, 79 however, had arrived at the same 
conclusions regarding the Clayden effect from experiments in 
wh ich he had used chemical and post-fixation physical develop
men ts. Stevens ~ 0 also showed that, the Albert effect, which is 
produced when an exposed fi lm is subjected to a bleach ing agent 
and then given a second uniform exposure before development, 
is caused by the existence of internal latent-image nuclei (p. 296). 

These experiments demonstrated that latent-image nuclei are 
formed in the interior of t he grai n as well as on the surface and 
showed, further, t hat these internal nuelei are of importance in 
certain photographic effects . In fact, intcrpretationR of results 
relating to latent-image fo rmation genera lly might be seriously 
affected if the in fl uence of these internal latent-image nuclei is 
ignored. 

In 1941, Berg, Marriage, and Stevens 81 developed a technique 
for separating the surface and internal latent images and applied 
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it to various photographic effects. They consider'ed distinction 
between the surface and internal latent images sufficient without 
a determination of the actual distribution of nuclei below the 
surface and used the following three types of solutions: 

1. A "surface developer" which, as far as possible, contained 
no silver halide solvent and should thus affect only grains carry
ing a surface latent image. 

2. A bleach which would dissolve only the latent image shown 
by the surface developer a nd leave the internal image, as far as 
possible, unaffected. This solution contained no silver halide 
solvent. 

3. An " internal developer" containing silver halide solvent 
so adjusted in concentration that the surface of the grains wn s 
gradually etched away, a llowing the internal image to appear on 
the new surface of the grains and causing them to be developed. 

! " 
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Fro. 56. Chara<:teris~ic curves 
for the development of ~he surface 
btcnt im:t~e treatc•l with a blench· 
ing solution: (I) dilute bleaching 
solution; (2) concentrated solution. 
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0 

FIG. 57. Chnractcristic curves 
fortheintcrnnllatcntimngetrcnted 
with a bleaching solution: (I) di
lute solution; (2) concentrated so
lution. 

As surface developers, sulfite-free catechol and carbonate, and 
hydroxy-phenylglycine solutions were used. Glyein was the 
most effective in distinguishing between the surface and internn l 
latent image. The bleach consisted of a combination of sulfuric 
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ncid and potassium dichromate. The proportions of these hvo 
constituents had little effect on the results. For the internal 
Intent image, a. fairly energetic metol-hydroquinone-carbonate 
developer was used, to which thiosulfate was added as a si!Yer 
halide solvent. 

The effectiveness with which the solutions could distinguish 
between surface and internal latent-image nuclei may be seen 
from the curves of Figures 56 and 57. The characteristic curves 

l.OG EXPOSURE 

FIG. 58. Characteristic curve~ for the surface and internal Intent images 
exposed to blue and to yellow light. 

were derived from sensitometric strips treated with (I) a dilute 
bleaching solution and (2) o. concentrated bleaching solution. 
For F igure 56, the surface developer was used, and the latent 
image on the strip treated with the concentrated solution is seen 
to be almost destroyed. For Figure 57, however, t he developer 
containing a solvent developed the internal latent image even 
on the st.rip t reated with the concentrated bleach. Thus, the 
surface and internal latent images can be distinguished by the 
proper concentration of bleaching solution, which must be deter
mined for each emulsion used. 

That the distribut ion of the latent image is unaffected by 
sensitizing dyes used to produce an image by light of wave 
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lengths which do not normally affect sil ver bromide is shown by 
the results given in Figure 58. A ma terial sensit ized for yellow 
light was exposed through blue and yel low filters and de veloped 
to reveal the surface and internal images for both colors. It is 
seen that the distribution of the image produced by yellow light, 
by means of the dy~, is the same as that produced by blue light. 
This agrees with results reported by other workers. 82 

THE I NFLUE NCE OF TEMPERATURE ON THE LATENT 
IMAGE AN D ON PHOTOLYSIS 

Berg, J\hrriage, and Stevens studied the change of distribu
tion of centers in the grain with the change of temperature by 
making comparison exposures at room and liquid-air tempera-

s.o 
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LOG EXPOSURE 

FIG. 59. Characteristic curves for internal and surfaee latent images 
exposed at high and low temperatures. 

tures (90° K. ). The loss of sensitivity with lowered temperature 
was much greater in the case of the surface latent image than 
of t he internal latent image. The results are shown in Figure 59 
for a low intensity level, where the difference between change of 
internal and surface latent image was especially pronounced. 
Relatively little work has been done on the effect of temperature 
on direct photolysis; but the results obtained indicate a con-
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siderable decrease in the production of photolytic silver at low 
temperatures, a lthough the effect of very low temperatures docs 
not seem to a rrest the reaction as completely as it does the pro~ 

duction of the latent image. LUhle sa and Cameron and Taylor g~ 
observed that practically no visible darkening of silver chloride 
occurred .when it was exposed to ultraviolet light at tempera
tures of - 120° C. and below, and direct measurements of t he 
photolyt ic silver in gelatino-silver bromide by Sheppard and 
Walker* showed a rapid decrease in the silver formed upon 
passing from room temperature to that of liquid air ( - 183° C.). 

THE I KFLUENCE OF THE TIE?-.WVAL OF HALOGE:'Il ON 
SENSITIVITY 

Since increasing exposures tend to increase the deposition of 
silver in t he interior of the grains compared with the surface, 
t he total amount of photolyt-ic silver is not greatly a ffected by 
amounts of free halogen which a re sufficient to prevent develop
ment by the formation of a silver halide surface on the grain. 
In agreement with this fact, the quantum equivalence law was 
found to hold for photolytic silver under largely varying condi
tions, whereas photographic sensitivity was found to be very 
suscept ible to such a change of conditions. T his difference un
doubtedly exists, even if the validity of the quantum equivalence 
law for photolytic silver does not extend over the entire range 
of ha logen pressure which was found to be without influence in 
previous experiments. Experiments by Sheppard, Lambert , and 
W:dker t on the influence of an increase of tempera.ture above 
room tempcr:l.ture on the production of photolytic silver in 
gela.tino-silver bromide layers show that at temperatures above 
25° C. the amount of photolytic silver increases considerably. 
At such temperatures, gelatin may be expeet.ed to react more 
quickly with halogen. This necessarily means that at room 
temperature the quantum yield, ¢, was less than unity. Possi
bly, however, the exposure was too great in these experiments. 

In 1926, Rawling and Glassctt 43 discovered that adjustment 
of the hydrogen-ion activity (pH) of an emulsion immediately 
prior to coating and drying produced a reversible effect on sensi-

"Unpubli$hcd o1J~~en•ationa. 

t S. E. Sheppard. R. H. LP.mbcrt. and ft. F. Walker. privntc communication. 
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t ivity, in the sense of increased sensit ivity by elevation of pH, 
decreased sensitivity by reduction of pH. This effect can be 
distinguished definitely from an irreversible pH effect on sensi
tizing in digestion . Soon afterward, Sheppard a nd Wightman s:; 

established a reversible bromide ion (pAg "' pBr) effect on sen
sitivity, wherein increased Br- ion activity (increased pAg or 
decreased pBr) diminished sensitivity, wh ile lowered Br- ion 
increased it. These two reversible effects were discussed to
gether in Hl31 by Price, 86 who presented a theory relating them 
to processes of ha logen acceptance. 

Another reversible effect on sensitivity, of which some account 
was noted ea rly, is that of atmospheric humidity.& Observa
tions regarding this, however, have been discrepant and even 
contradictory. The reason for this was given by Sheppard and 
GrahamY They show that the reversible moisture effect is 
essentially connected with the reversible pH and pAg effects, 
and that consistent observations can only be made when 
these two factors are controlled. This is brought out by two 
curves showing the effect of relative humidity on the photo
graphic sensitivity (inertia speed) of an emulsion (a) of constant 
pAg adjusted to various pH values (Figure 60) and (b) of con
stant pH adjusted to various pAg values (Figure 61). It is 
evident that (1) susceptibility to moisture influence depends 
upon t he pH and the pAg of an emulsion; (2) that the sensitiv ity 
(speed) passes through a definite maximum in the neighborhood 
of 20 per cent R. H. at room temperature. 

It was suggested by Price 86 that the reversible pH and pAg 
effects could be explained in terms of the kinetics of bromina t ion 
of gelatin. For the primary reaction of bromine with water, the 
equilibrium may be assumed to be 

whence 
[Ollc-] _ k[llc,][OH- ] 

- [H+][llc-] 

, [Be,] 
~ k [ H+]'[llc- l 
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The most probable reaction with gelatin is of the form 

Gelatin + OBr- ;:= Gel Br + OH-, 

though the above equation is an extremely simplified represen
tation of the facts. Price pointed out that qualitatively these 
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Fw. 60. The relation of sensitivity to relative humidity at 
various pH values. 
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various pAg: val ues. 
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reactions would explain the reversible pH and pAg effects. 
Sheppard and Graham 87 suggest that the effect of moisture is 
also in agreement, in that water is essential to the primary hy
drolysis of bromine, but more than a certain amount simply 
dilutes the active hypobromite and lowers its rate of reaction. 
In the same paper is discussed the possibility that silver sulfide 
rather than gelatin might be the effective halogen acceptor. 88 

This is discounted, however, by the observation that the attack 
of aqueous bromine on silver sulfide is diminished instead of 
increased by raising the pH. 

The evidence that the formation of the developable latent 
image is very considerably affected by the kinetics of halogen 
acceptance has certain important genera l consequences. It is 
evident that restriction of the theory of latent-image formation 
to intragranular processes of nucleus formation and growth is 
unjustified. The processes of halogen removal are undoubtedly 
strongly susceptible to temperature, and an unknown proportion 
of the effects of temperature on latent-image formation must be 
accredited to them. 

THE I NTERNAL PHOTOELECTRIC EFFECT 

I n the early days of photoelectricity, it was suggested that 
the silver bromide grain might lose electrons in the same way 
as a potassium or platinum surface exposed to light ~4 and that 
the latent image consisted of grains which had lost negative 
electricity. No mechanism was proposed to explain the fact 
that this process is not completely reversed after the light is 
removed. Toy 89 and his collaborators showed that the external 
effect in the ultraviolet region is not connected with photographic 
sensitivity. Against the conception of an external photoelectric 
effect, Fajans and von Bcckcrath 90 and Sheppard and Trivelli 91 

independently suggested an internal photoelectric effect as the 
mechanism of photochemical change in silver halide crystals
a shifting of electrons when radia.tion quanta are absorbed, which 
results in the transfer of electrons from bromide to silver ions. 

The main conception of the external photoelectric effect, the 
removal of a negative charge, is emphasized again by Schwarz ~2 
as the condit ion required for developability. The charge of the 
grain as a whole is supposed to remain unchanged, but the 
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eluirge is removed from the surface to the interior of the grain. 
Cont ributions of James 93 to the t heory of developability suggest, 
however, that the influence of surface charge on developability 
is of a secondary nature. 

The experimental evidence for the in ternal photoelectric effect 
is given by photoconductance phenomena and photovoltaic 
cffect.s. They prove that the absorption of light produces free 
electrons or, at lca..'>t , liberates electrons to such an extent that 
they can pass from one ion to another in a given potential 
gradient . 

It. has been known for a long t ime that silver bromide shows 
increased conductivity upon expmmre to light. Toy 94 demon
strated that the spectral sensit ivity of this effect and that of the 
photographic process Ub"l'ee in the region of their long-wave 
threshold and concluded that the photoconductance effect in 
silver bromide constitutes the primary process of latent-image 
fonnation. 

Photovoltaic Htudies by Sheppard and Vanselow 9" confirmed 
this view. They measured the electromotive force produced 
between two similar silver-silver bromide electrodes elect rolyti
cally connected when one of the electrodes is exposed Lo light. 
A detailed study showed that 

1. Upon exposure, the lighted electrode becomes instantane
ously ne~~tti v(~ to the dark electrode, but this polarity re
verses very rapidly, t he lighted electrode becoming posit ive ; 

2. The revenml of polarity is reduced or climina.t.cd by t.he 
introduction of ha logen acceptors in the electrolyte; 

3. The posit ive effeet can be imit:1ted in the dark by int ro-
ducing h:dogen (bromine) into the electrolyte. 

It was concluded that the neyative effect is produeed by photo
elect rons transferring to the adjacent silver metal, while the 
positive effect, which follows in the absence of halogen acceptors, 
is due to t.he attack of bromine on the underlying silver met.al, 
the positive effect corresponding to the free energy of the reaction 

F igure 62 exhibits time curves of the photovoltaic effect in the 
absence and presence of a halog-en acceptor. 
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The discovery of the production of photocurrcnts suggested a 
mechan ism for the liberation of silver at certain discrete points 
by light absorbed at random all over the grain. To expla in this, 
Sheppard 9;,., had int roduced previously the idea of the transfer 
of energy by radiat ionless collisions. That is, a light quantum 
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F10. 62. The pltotovoltaic effect in the ( I) absence and (2) presence 
of a halogen acceptor. 

incident at a point remote from a speck is supposed to be ab
sorbed by the electron of a bromine ion and to raise its energy 
state to a higher level. This energy is then assumed to be trans
ferred by rad iationless collisions from one atom to another until 
the edge of a speck is reached. At this point, it is supposed that 
the electron of the bromine ion is completely released and the 
photochemical reaction occurs : 

Br- + hv - Br + electron, 
Ag+ + electron - Ag, 

the electron transfer from the bromine ion to the silver ion giving 
a neutra l atom of silver. 

Because of the photocurrents, Sheppard and Trivelli 91 •41 ad
vanced the idea that the electrolytic migration of ions through 
the crystal might take part in the formation of the latent image; 
and Trivelli, 96 making use of the properties of photoconduetance 
and electrolytic conductivity of sil ver bromide, outlined a novel 
mechanism for the transfer of sil ver and its concentration based 
on an electrolytic-cell type of action. Fundamental to his the
ory is the idea that the sensitivity specks consist initially of 
silver sulfide and a t race of sil ver. The sil ver sulfide is assumed 
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to act as anode, and the silver speck as cathode, of a cell of 
which the solid silver bromide constitutes the electrolyte. Upon 
exposure to light, electrons pass from the silver sulfide through 
the Silver bromide to the silver, while silver cations of the silver 
bromide pass from the silver bromide to the silver cathode. 
Thus, the silver speck originally present is assumed to grow by 
electrolytic deposition of silver until it reaches a developable 
size. Certain features of this cell action are not entirely satis
factory from a theoretical point of view, and it has never been 
proved that it takes place in a large-scale cell of the same con
stitution. Though this theory has certain very attractive fea
tures, it has never been generally accepted. 

PHOTOCHE:MICAL CONSIDERATIONS RELATING TO THE 
PRODUCTION OF THE LATENT IMAGE 

It has been shown in the preceding pages that when light is 
absorbed in silver bromide, electrons are liberated and then 
transferred to silver ions, which are thus converted into silver 
atoms, and that the number of silver atoms formed is equal to 
the number of light-quanta absorbed. 

In 1912 Einstein M stated that the number of molecules react
ing under the influence of light in a photosensitive system should 
be equal to the number of quanta absorbed. This is known as 
the law of quantum equivalence. It has been tested in many 
photochemical investigations but found to be valid only in a few 
cases. It did not attain its real importance in photochemistry 
until it was recognized as undoubtedly valid for the primary 
process, thus providing a pos:sibility for the study of secondary 
reactions with a quantitative knowledge of their starting points. 
Its validity for the primary process connected with absorp
tion can, in reality, be derived from a combination of Grotthus' 
and Draper's law with Planck's law of quantum absorption. 
Grotthus in 1817 and Draper in 1841 stated that rays of ligh t 
could produce a chemical change in a system only when they 
were absorbed. This follows from the law of the conservation 
of energy, which, however, was not recognized unt il 1842. The 
introduction of the theory of absorption and emission by quanta 
dates from 1900. Planck postulated that radiant energy is ab
sorbed or emitted only in discrete units, the size of which depends 
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upon the frequency of the radiation. Each such unit, or quan
tum, has tho energy content hv, where h is a universal constttnt 
and v the frequency of the radiation. A model for the quantized 
absorption and emission of radiant energy, the foundation of 
moderr1 quantum mechanics, was supplied in 1913 by the Ruther
ford-Bohr model of the atom. This and the models for mole
cules, int roduced some time late,r, made it possible to visualize 
the connection between the primary acts of emission or absorp
tion and the structure of the corresponding spectra. 

There are three different primary processes which may accom
pany the absorption of light in a molecu le: 

(1) an electron can be raised to a higher level, creating an 
excited state of the molecule; 

(2) it can be dissociated entirely from the molecule, creating 
an ion; or 

(3) the raising of the electron can affect the vibrations of the 
atoms in the molecule to produce dissociation of the molecule. 

These three primary acts-excitation, ionization, and disso
ciation-follow the law of quantum equivalence. The second
ary reactions, however, decide whether the products of these 
primary processes can be preserved. An excited molecule rarely 
lives longer than I0- 8 seconds before it loses its energy in re
emission or fluorescence. If it collides with another molecule 
before that, the energy will either be dissipated by transforma
tion into heat or used as chemica l energy for the first molecule 
alone, for both together, or for the second molecule alone. This 
last case, cal led optical sensitizing, includes the possibility of the 
second molecule emitting the energy as fluorescence. 

The products of ionization and dissociation arc frequently 
very active. They may either recombine or undergo further 
reaction. This further reaction may stabilize the results of the 
primary process. This is what occurs in the formation of the 
latent image, where the one primary product, the electron, join
ing a silver ion, forms a silver atom which is stable if the bromine 
atom has no opportunity for recombination. Thus, one silver 
atom is found per quantum absorbed. 

In many photochemical reactions, however, the active prod
ucts react to form further active products, which, in their turn, 
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undergo a similar reaction: Such a chain reaction can multiply 
the primary effect many times, and it might appear favorable 
to use such a reaction for photogmphic purposes instead of 
leaving t he mult iplication factor to development. But chain 
reactions are gcnera.lly very sensitive toward tmce...., of impurities, 
and it is difficult to control them accurately. There is also 
danger of diffusion, which would interfere with dcfinition.lli 

The Primary Process and Spectral Absorption 

In the last twenty years, much light has been thrown on the 
connection between the absorpt ion spectrum and the primary 
process. In the case of mono- and diatomic gases, the spectrum 
presents a fairly clear record of t he process nccompanying ab
sorption. The simplest case is that of a monatomi<: gas, where 
there are only t wo possible processes: excitation nnd ionizat ion. 
A series of discrete lines represents the tmnsition of t.he electron 
to the discrete energy levels, and the frequency values of the 
lines measure the necessary energy. 'Vith increasing distance 
f1·om t he nucleus of the atom, the energy difference between the 
clcct.ron levels decreasCJ:i ~tnd, accordingly, t he absorption lines 
'grow denser toward the short-wave end of the spectrum. Fi
nally, when the electron reaches such a distance from the nueleus 
that it is outside the sphere of attraction, no energy is required 
to remove it further. This occurs in the case of ionization, 
presented in the spectrum by the limit of the series toward which 
the lines a re <:onverging. Beyond this limit, the absorption is 
cont inuous, since the electron can be dissociated from the atom 
with any amount of transla tional energy. The spectrum of a 
diatomic gas is more complicated, but it contains much valuable 
information on the primary process and even on the structure 
of the diatomic molecules. The change of electron energy is 
accompanied by a variety of changes in the energy of vibrat ion 
and that of rotat ion in the diatomic molecule, so tha.t the raising 
of an electron to a higher level, which is represented by a single 
line in the absorption spectrum of the monatomic gas, is repre
sented by a whole system of bands in the absorption spectrum 
of a diatomic gas. Information as to t he binding force of the 
two atoms and their d istance from eaeh other in t.he normal and 
excited states can be obtained from the structure of these bands. 
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Dissociation of the molecule into its atoms, with continuously 
varying amou nts of kinetic or translational energy, is represented 
by continuous absorption. The long-wave limit of this con
tinuous absorption gives the energy necessary for the dissocia
t ion. If the electronic energy levels of the dissocia tion products 
are known, the energy of dissociation of the molecule in its 
normal s tate can be calcu lated with great accuracy; a nd this has 
been done in many cases. If, on the other hand, the energy of 
dissociation is known from other sources, the long-wave limit of 
t he conti nuous absorpt ion gives a method of calculating the 
electronic levels of the dissociat ion products. Since these levels 
are related to t heir electronic levels in t he normal state of the 
molecule, knowledge of t he energy state of the components of 
diatomic molecules can be obtained from the absorption spec
trum. F rom an investigation of the absorption spectrum of 
silver chloride, sil ver bromide, and silver iodide in the gaseous 
state at sufficiently high temperatures, Frank and Kuhn 98 came 
to the conclusion that these halides are so-called "atom mole
cules," instead of " ion molecules," as would be expected. This 
does not mean that the distribution of charge in the molecule is 
completely symmetrical, as in homopolar molecules which con
sist of identical atoms. A shift of charge ce rtainly takes place in 
a silver halide molecule, but the electron does not detach itself 
from the silver atom to form a halide ion; the linkage is essen
t ially between a silver and a halogen atom. On the other hand, 
the absorption spectra of gaseous alkali halides show them to be 
true ionic molecules, consisting of a lkali ions and halide ions. 

Few of these outstanding differences are preserved in the 
crystallized state. Only silver iodide shows largely homopolar 
binding in the lattice, at least in the ,8-modification, which is 
stable below 145° C., but both silver chloride and silver bromide 
form definite ionic lattices as crystals. These ionic lattices are 
not quite so pronounced as in the crystals of the alkali halides, 
however; to a very small extent, the electron of the halide ion 
must be shared by the silver ion. One of the outstanding exp(;l'i
mental differences bet ween alkali halides and sil ver halides is t he 
photoconductance shown by the silver halides. Sheppard and 
Vanselow 99 suggested that the light absorption of the s ilver 
halides is affected by the presence of a 11 virtual" meta l field 
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(of the sil ver cation) which arises from, and is active during, the 
exposure to light. 

The change in the binding force which occurs when gaseous 
silver chloride and silver bromide are transformed into solid 
crystals shows the presence of considerable forces in the crystal 
lattice. These can be expected to produce a fundamental change 
in the conditions for absorpt ion. In the gaseous state, the ab
sorption spectrum represents only the single molecules, since 
they spend most of their time outside the spheres of influence of 
the other molecules. With increasing pressure, a broadening of 
the lines can be observed, which sometimes obscures the finer 
structure. In a crystal lattice, these influences are decisive. 

Herzfeld and 'Volf 100 give a method for calculating the long
wave absorption limit of the silver halides from t he energy neces
sary for the internal photoelectric effect . Ions in a crystal 
lattice arc supposedly held together part ly by electrostatic forces 
and partl y by so-called "Van der Waals' forces of molecular 
attraction." The authors assume t hat for the release of an 
elecLron from a bromide ion, not only the electron affini ty of the 
halogen atom must be overcome but also the electrostatic part 
of the lattice energy, ¢e. This latt.er value could be calculated 
from electrostatic potential theory 101 or thermochemically, ther
mochemical data also being available for the calculation of the 
electron affinity of the halogen, Ez. Accurate absorption meas
urements were not available, but the equation h" = ¢e + E z did 
not seem to be supported by the available data, and the au thors 
concluded that more factors were effective, especially the ioniza
tion potential of the cation, I M•· 

Accurate meas urements of the absorption spectra of alkali 
halides and silver halides were published by Hilsch and Pohl. 102 

The bands of the silver halides arc much less sharp than those 
of the alkali halides; t hey resemble those of dyes in the visible 
region, and the extinction coefficients at the maxima a re very 
high, approaching t hose of metals. The maxima of t he longest 
wave bands for the silver halides fit the equat ion 

h = (/Je + Ez - l .u., 

¢e being calculated from electric potential theory. von Hippel' 03 

and various other authors, however, considered this result a 
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coincidence arising from the mutual canceling of other terms 
connected \Vith the energy status of neighboring ions and the 
consequent neutral atoms. Hilsch and Pohl 6 0 themselves drew 
attention to the large degree of interaction between ions, which 
results in a crystal of high refractive index lacking the high 
potential barriers between neighboring ions characteristic of 
ionic crystals. The following table gives some idea of the may;
nitude of this deformation by comparing the electrostatic part 
of t he lattice energy as calculated from thermochemical data 
(second column) and from electrostatic potential theory (thi rd 
column) accordin g to t he formula of Madelung for a simple cubic 
lattice. The differences are given in the fourth column, and 
in the fifth column are given the differences between silver and 
sodium salts 10 ! for the eleetrosttttic lattice energy as another 
measurement of deformation energy. 

TABLE XI 

SaU .pc( 'l') 4> (•) ;, ;, 

Silver chloride 9.00 9.03 0.93 um 
Silverhrornide 9.60 8.58 .02 1.31 
Silver iodide 8.35 1. 11 1.51 

An expression for the absorption energy whieh accounts fo r 
the neutral interaction forces was suggested by de Boer: 10~ 

e' 
hv = (2A,. - 1)-;: +Ex - l ,\t• - fpol - Dx - D.v., 

where (2A ... - l)e2/ r is the work neeessary to remove two adja
cent charges against the electrostatic lattice energy, f r>ol is the 
gain in energy due to the polarization of the surrounding ions, Ox 
is t he absorption energy of the halogen atom in the lattice, and 
n.~~ . t hat of the metal atom formed in the lattice. de Boer 
showed that with certain assumptions for calculating the addi
tional terms, a fair approximation was possible to the observed 
values of the first long-wave band. 

Quantum Mechanics and the Formation of the Latent Image 

As a result of the introduction of quantum mechanics, it be
came possible to elucidate ma.ny previously unexplained proper-
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ties of solids, and it was natural t hat the latent-image problem 
~hou ld be similarly exami ned. T he first attempt to correlate it 
with the concepts of quantum mechanics was made by WebbY16 

Following a n ca dicr suggestion by Gurney 107 as to t he origin 
of the coloration produced by ult raviolet light in alkali halide 
crystals, Webb assumed that the photographic lat en t image con~ 
sists of one or more elect rons t rapped in discrete energy states 
around an irregu larity in t he silver bromide crystal lat tice. The 
photoconducta nce property of sil ver bromide was used to expla in 
how light a bsorption at ra ndom poin ts all over t he crystal 
can give rise to the laten t image in discrete points. Quantum 
mecha nics had given the first clear explanation of how the ab~ 

sorption of light produces freely mobile elect rons in an insu lating 
crystal. The transfer of ligh t act ion through the photographic 
gmin was attributed to these freely moving electrons. I n t his 
way, qua ntum mechan ics explained the transfer of energy through 
t he crysta l and t he relat ion of t his to t he photoconductance 
effect, and it provided a reasonable expla nation for t he Herschel 
effect a nd opt ical sensit izat ion by dyes. I t appea red that this 
new view of the behavior of electrons in solids contained ele
ments of fundame)ltal importa nce for t he solu t ion of t he laten t
image problem. However, outstanding difficul t ies still remained, 
the chief of which, perhaps, was that of reconciling the concept 
of the laten t image as composed of electrons tmpped in discrete 
states with the a lternative view that it is composed of a sma ll 
speck of silver. 

The Gurney-Mott Theory 

Gurney a nd Mott 108 proposed a defin ite t heory of t he latent
image process. T his t heory successfu lty combined the quantum 
mechanical concept of the prima ry process with a detailed pic
ture of t he subsequent rea ctions, based on recent experimental 
evidence of the silver halide structure. The new assumption of 
electrolytic migra tion of sil ver ions to discrete points in t he 
crysta l completed the mecha nism for t he concentration speck 
theory. 

The formation of silver nuclei as a resu lt of t he absorption of 
lip;h t involves a consideratio n of the photoconduct ivity and elec
t rolyt ic conductivity of silver bromide. From the principles of 
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quantum mechanics, the increase in conductivity accompanying 
the absorption of light can be interpreted in terms of the zone 
theory of solids.106 According to this view, t he electronic energy 
spectrum of an insulating crystal such as silver bromide consit>t.s 
of a structure composed ·or bands of allowed energy levels sepa
rated by disallo\ved zones. In general, a different band struc
ture would exist for each direction through the crystal, but for 
simplicity the present discussion may be limited to the one
dimensional ease. The explanation of the property of insulation 
on this basi<; is that the lowest unfilled band of electronic energy 
levels is separated by a wide energy gap from the highest filled 

~--------Z.!'£'.9_!:to!IC'3.G.:! ___________ / 
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FIG. 63. Energy levels in silver bromide. 

band. T he photocouducta.ncc effect can he expla ined by the 
properties of these bauds. In Figure 63 is shown a schematic 
diagram of two such energy bands for- the silver bromide crystal. 
The upper, S, band may be rega rded as associated with the silver 
ion latt ice and is made up of the valence levels of all the silver 
atoms ; au electron in this ba.nd would be shared by all the silver 
ions of the lattice. The lower, P, band of levels is associated 
with the bromide ions. In the normal state of the cryst-al, the 
S band contains no electrons, while the P band is filled 'vith 
them, so t hat there is no possibility of elect ron conduction and 
the elect rons cannot change their energy states under the act.ion 
of an applied electric field. If, hmvever, an electron were placed 
in the crystal with its energy sta.te in the S band, it would 
behave like a free conduction electron in a metal, since it would 
h:1-vc an almndance of adjacent cncr~y states to t ro••sfcr to under 
the influence of an electric field .• Photoconductancc in such a 
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crystal is att ributed to electrons in the lower band having their 
energy raised by absorption of light into the conductance band 
of the crystal, where they give rise to electronic conduction. 

The photoconductance effect in silver ha lide crystals has been 
studied experimentally mainly by Pohl and his co-workers in 
Gi.ittingen. The crystal is set up between electrodes witb a 

known potential across them 
and the total current through 
the crystal measured dur
ing illumination. A voltage
current curve obta ined by 
Lehfeldt 109 for silver bromide 
under constant illumination 
is shown in Figure 64. T he 
curve starts to rise linearly 
with the voltage and then 
asymptotically approaches a F10. 64. Volt:lgc-current eurvc for 

silver bromide under constant illumi-
nation maximum saturation value at 

high voltage. The explana
tion of this behavior is that the contribution to the electric 
current by each electron released by light depends upon the frac
tiona l distance between electrodes traveled by the electron before 
it comes to rest. The horizontal part of the curve is attributed 
to the fact tha t, at high voltages, electrons released by light arc 
pulled all the way to the posit ive electrode, thereby producing 
saturation. At lower voltages, however, the electrons must be 
ca.ught in some manner before reaching the electrode. T hat the 
electrons do not recombine with their parent bromine atoms is 
shown by the fact that the photocurrent increases as the fi rst 
power of the intensity of the exposing light instead of the square 
root of the intensity, as would be required if recombination took 
p lace. It appears, therefore, that the electrons are caught in 
other ways, for which there is experimental evidence. Lehfeldt 109 

and Heeht,110 using silver halide crystals, showed that crystals 
containing colloidal partides of silver require higher electric fields 
for saturation. These experiments have been interpreted to 
mean that colloidal silver specks can act as traps to cut down 
the average distance traveled by electrons. This can be under
stood from the energy-level diagram of t he metal and silver salt. 
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As already stated, the energy of a free electron in silver bromide 
lies in the upper conduction band. Gurney and Matt 108 point 
out that if the lowest energy level of this band lies above the 
highest filled conduct ion levels of the metal, as shown in F igure 
65, an electron passing from the silver bromide to the metal de
seends through a potential step AE and is trapped. 

AqBf' 
METAL 

CON DUCTION BAND 

------liiiiii!i ) I=ILLEO 
CONDUCTION LE\o'ELS 

FIG. 65. Conduct ion levels in silver hromidc. 

T he other property of silver bromide essentia l to the Gurney
Matt theory of the latent image is that of conductivity by ionic 
migration. Measurements of ionic conductivity of the silver 
ha lides have been carried out by a number of investigators, and 
it is well known that they exhibit relatively large conductivity 
even a t room temperature. Tubandt 111 and his co-workers 
showed that the conductivity of the silver halides is due prin
cipally to the movement of the silver ions. The conductivity, 
A, varies rapidly with temperature, in accordance with the law 

X = Ae-•1* '~'; 

and from measurements by Lehfeldt,112 the conductivity of silver 
bromide a t room temperature amounts to approximately I0- 8 

ohm- 1 cm- 1• It was not clear at first how silver ions could move 
t hrough the crystal la ttice as readily as indicated by t he magni
t ude of t he observed currents. The first satisfactory explana
tion of it was given by F renkel U:J and has subsequently been 
worked out more fully by Jost,111 Koch, Wagner, Schottky,m 
and others. According to this, at any temperature, T , a certain 
percent.·1ge of the silver ions are displaeed from their regular 
lattice posit ions and pushed into interstitial positions. T his is 
shown in Figure 66. The ionic conduetivity of the silver halides 
is due to the movement of these interstitia l silver ions and that 
of the vacant positions left in the lattice. Tha t the silver ions, 
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and not the bromine ions, are pushed into the interstitial posi
tions is attributed to the smaller size of the silver ions. The 
interstitial ions are supposed to move either to other interstitial 
positions or those left vacant by the other ions, and may be 
regarded as fanning within the crystal a gas of ions moving with 
thermal energies. 

The Gurney-.iVlott theory may be applied to the direet print
out effect, tha.t is, the photodecomposition of silver bromide on 

Aq+ Br- Aq+ Br - 0 Br- Aq+ Br-
Aq+ / 

llr- Aq+ Br- Aq+ Br- Aq+ Br- Aq+ 
/ 

Aq+ Br- Aq+ Br- Aq+ Br- _,Aq+ Br-
Aq+ 

Br- 0 llr - Aq+ Br - Aq+ Br - Aq+ 

Fra.titi. Interstitial ions in the ;;ilver bromide lattice. 

excessive exposure to light. As has already been said, the photo
equivalence principle holds for this process. The sil ver formed 
in. this case is always found in coherent specks, whereas it is 
fairly certain that the light producing the silver is absorbed over 
the whole surface of the silver halide grain . Gurney a nd Matt 
postulate that, providing a minute amount of metallic silver is 
present in the grain initially, electrons liberated by light will 
become trapped on these specks and charge them negatively. 
They assume further that the electrostatic field set up in the 
grain by these negatively charged specks attracts the mobile 
interstitial silver ions ~tnd causes them to migrate to the speck. 
When these ions reac h the speck, they neutralize the electrons 
already pre>lent and form silver atoms. Thus, the mechanism 
proposed affords a mea ns whereby a speck of silver initially 
present can grow by one atom of si lver for each light quantum 
absorbed. Furthemwre, this theory shows how it is possible 
fo r light absorbed at random points on the grain to produce 
silver atoms only at certain discrete points. 

This description applies to the direct photodecomposition of 
sil ver bromide. For the latent image, the function of the con
centration specks in controlling sensitivity must be explained. 
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Gurney and Mat t assume that the silver sulfide specks discovered 
by Sheppard can piny the role of electron traps in the same way 
as colloidal silver specks. Thus, the negatively charged silver 
sulfide specks a.ttract the silver ions and act as nuclei for the 
init ial growth of silver specks. 

This theory of latent-image formation has many points in its 
favor. F undamentally, it rests on ·well-established prindples of 
atomic physics, and the mechanism proposed to account for the 
latent-image formation depends upon propert ies of silver halide 
tJmt can be measured macroscopically in large single crystals. 
The theory has furnished an explanation of a number of features 
previously obscure. Fmthcrmore, it accounts for the principal 
auxiliary effects connected with t he latent-image process, such 
as reciprocity law failure and the Hen;chel effect, which are dis
cussed Ia ter. 

The strongest support for the Gurney-Matt theory of latent
image formation has been obtained from experiments at low tem
pemture, such as those carried out by Berg and .Nlendelssohn/16 

Webb and Evans,117 and .Meidinger.118 Some results obtained 
by Webb and Evans are presented in Figure 67. The charac
teristic curves A and B shown in the upper left-hand quadrant 
arc for exposures made at room temperature and liquid-air tem
perature, respectively. The large drop in the photographic 
effect at the lower temperature is to be noted. The curves in 
the other three quadrants show the results of two series of inter
rupted exposures, both of which were made at liquid-nir tem
perature. I n the A series, the emulsion was warmed to room 
temperature for a brief interval during the dark period between 
exposures, while in the B series the emulsion was maintnined at 
the low temperature during the dark periods. The B curves 
show that no effect is produced by interrupting the exposures 
made at liquid-air temperature provided the low temperature is 
maintained during the dark periods. The A series of curves, 
on the other hand, show that for expm;urcs made in the same 
way, a marked effect is introduced by warming the emulsion to 
room temperature in the dark intervals following the exposures. 
It may be seen, further, that the effect is enhanced by increasi11g 
the number of subdivisions of the exposure and, accordingly, the 
number of warming periods. The experiments demonstrate that 



190 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

an action important in latent-image formation occurs during the 
warm periods between exposures. 

According to the Gurney-Matt theory, the latent-image for
mation consists of two parts : (1) a primary process, in which 
electrons are rclertsed in the crystals and trapped by t he scm~i-
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tivity specks; and (2) a secondary process, in which there is 
au electrolytic migration of silver ion::; to the nega t ively charged 
sensitivity specks. T he former is an electronic process and has 
been shown by experiment to be unaffected by temperature 
down to -186° C. The secondary process, however, consisting 
of ionic conductivity, is known to be very dependent upon tem
perature. Both the number of interstitia l ions and their mobility 
are dependent upon temperature, and at t he temperature of 
liquid air it may be considered that the mobility of silver ions 
is zero for the photographic process. At t his temperature, how
ever, it must be supposed that one electron is released for each 
quantum of light absorbed by t he silver bromide. At the tem
perature -186° C., there being no ionic conductivity, the elec
t rons placed on the speck cannot be neutralized. Consequently, 
a sensit ivity speck upon acquiring a few electrons becomes so 
highly cha rged that it repels further electrons. Under t hese 
conditions, some of the electrons liberated by light are repelled 
and lost for the latent-image process. Formerly, it was thought 
that these electrons would recombine with the parent bromine 
atoms. However, evidence ~l was presented in connection with 
the distribut ion of the latent image to show t hat mqst of these 
electrons become t rapped at internal irregularities and form 
nuclei which a re unavailable to the developer. This accounts 
for the large drop in density at the low temperature, as shown 
in Figure 67. If an exposure is given in installments and a 
warming period allowed after each installment wit h the same 
amount of light energy, a greater photographic effect is obtained 
than without warming periods. Furthertnore, the curves show 
that the photographic effect increases with the number of inter
ruptions and warming periods. According to the Gurney-Moil 
theory, t he first exposure leads to the t rapping of several elec
t rons on a sensit ivity speck. The emulsion being at liquid-air 
temperature, no silver ions can reach the speck to neutralize 
the charge due t.o the electrons. The warming of the emulsion 
during the dnrk period following the exposure, however, per
mits ionic movement and neutra lization of the speck. A subse
quent exposure and warming period causes the above chain of 
events to be repeated. As a given exposure is subdivided into a 
greater number of installments, the charge added to the speck 
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during each exposure decreases. Since, for smaller unneutralized 
cha rges, fewer electrons arc repelled from the speck, the photo
graphic efficiency should increase with the number of exposure 
installments accompanied by warming periods. Accordingly, 
the experimental results presented in Figure 67 show t hat the 
primary and secondary processes postulated by Gurney and 
Mot t for the formation of the latent image can be separated. 
The primary process occurs practically instantaneously even at 
liquid-air temperature, while the secondary process occurs only 
after the emulsion is warmed to well above liquid-air temperature. 
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CHAPTER V 

THE RELATION BETWEEN THE EXPOSURE GIVEN TO 
A LIGHT -SENSITIVE LAYER AND THE DENSITY 

OBTAINED AFTER DEVELOPMENT 

The discussion of the action of light upon the silver halide 
grains has dealt up to the present point chiefly with the forma
tion of the latent image in the individual grains. I n practice, 
however, exposures are made upon emulsion coatings containing 
many grains and, usual ly, many layers of grains. The response 
of such multilayer coatings to exposure followed by development 
is of the greatest importance in the theory of photography and 
has been studied intenRively during the last fifty years. The 
expression of the relation between the exposure and the silver 
deposit as a mathematical formula, which is the equation of the 
characteristic curve, has been attempted by a number of workers. 
The equations which have been proposed ha.ve sometimes been 
empirical, but, more generally, they have been based upon cer
tain definite assumptions as to the action of light upon the 
sensitive layer. 

The first photographic investigator to make quantitative meas
u rements of the relation between the transparency of the image 
and the exposure was Abney/ who gave plates a graduated series 
of exposures, measured the transparency of the deposits obtained 
after development, and plotted curves showing the relation be
tween the transparency and the exposure. 

In his paper entitled "Photography and the Law of Error," 
in the Journal of the Camera Club, Abney suggested that the 
relation between the transparency, T, and the exposure, It orE, 
might be represented by the equation 

( I) 

This may be translated into the nomendature introduced by 
Hurter and Driffield as : 

( R)' D = K log -[ , where 
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and K a nd i are empirical constants. This equation fits only the 
lower part of the curve with any degree of approximation. 

In 1890, F. Hurter and V. C. Driffield published in the Journal 
of the Society of Chemical Industry a paper 2 entitled ~~Photo
chemical Investigations," in which they put forth a n experi
mental method of determining the characteristics of a photo
graphic layer and a nomenclature fo r its optical properties which 
has since been genera lly adopted. 

Hurter was a physical chemist who was chief chemist of the 
Uni ted Alkali Company, and Driffield was an engineer in the 
same firm. Driffield was keenly interested in photography and 
wrote: 

" In 1876 I induced Dr. Hurter to take up Photography as a 
recreation, but to a mind accustomed like his to methods of scien
tific precision, it became intolerable to practise an art which- at 
that time-----.-was so entirely governed by rule-of-thumb, and of wliich 
the fundamental principles werl" so little understood. Five years' 
intimate acquaiutuuce with Dr. Hurter and experience of his 
methods had deeply impressed me with his ski ll as an investigator, 
and, when it was agreed that we shou ld jointly undertake an inves
tigation with the object of rendering Photography a. quantitative 
science, it was with a keen a ppreciation of my pri vilege that I joined 
Dr. Hurter as his collaborator." ' 

At the beginning of their work, the collodion process of pho
tography was generally used, but it was being supplanted by 
the gelatin dry plate. Hurter and Driffield felt very strongly 
the necessity for some method of estimating the correct exposure 
to be given in the camera. To do this, they constructed an 
actinometer which enabled them to measure the variation in 
the intensity of sunlight throughout the day. They then con
structed tables of in tensity, which were embodied in an exposure 
calcu lator, which they ca lled the actinograph, adapted to ca lcu
late the exposure from a number of factors, including the time 
of day and year, the weather, t he subject photographed, etc. 
To determine the sensitivity of t he plates which they used, they 
began a se ri es of invest igations which were published in the 
paper mentioned above. They first investigated the relation 
between the mass of silver produced after development a nd the 
exposure which had been given. Since the mass of silver is 



202 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

difficult to measure chemically, they studied the relation between 
the light t ra nsmitted by the silver deposit and the mass of silver 
per unit area. 

It is well known that, for a dye or absorbing pigment and for 
monochromat ic light, the logarithm of l / T is proportional to 
the mass of the material present. This is generally known as 
Beer's law, and it follows from Lambert 's law that if the thick
ness of an absorbing medium increases in arithmetica l progres
sion, the light transmitted decreases in geomet rical progression. 
This la w was actually stated by Bouguer ~ some thirty years 
before Lambert restated it. If a sheet of absorbing material is 
held in the path of a beam of light, the brightness will always 
appear diminished to the same extent for the particular piece of 
materia l, regardless of the brightness of t he light. Thus, if the 
beam is diminished to n quarter, interposition of a second piece 
of the material will reduce the rema ining beam, in the same 
manner, to a quarter of the new value, or one-sixteenth of the 
original. A t hird piece will reduce it to a sixty-four th, and so 
on. If n equal layers are employed, each reducing the light to 
a fraction 1/ m, t he intensity of the beam through n layers will 
be (1/ m)" of the original. In place of a number of layers1 the 
concentration of absorbing pigment may be increased in a single 
layer. Thus, if / 0 is the intensity of the original beam of light , 
I the intensity after penetration through the layer of pigment, 
a nd A the concentration of the pigment per unit a rea, 

I / Io- e-". (2) 

I f l o is termed the transparency, 7'. Hurter and Driffield termed 
l / '1', tha.t is, / 0/ l, the opacity, 0; and using common logarithms 
instead of natural logarithms, 

l()D = 10/ l = 1/ T = 0 and D = log10 0, 

D being termed by Hurter and Driffield the density,* so t hat 

D = log10 0 = logw 1/ '1'. (3) 

Tt is seen that a density of unity corresponds to a transmission 
of 1/ 10 of the incident light; a density of 2, to the tra nsmission 
of 1/ 100, etc. 

* Tho Germon term used for don~it.y is Scluvllr~"I1Q· This is frequent.ly mialrnn~la.t.ed 
n~ Uud:enii1Q. 
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Hurter and Driffield concluded from their experimental work 
that the density is proportional to the mass of silver per unit 
area; and this mass in grams per square centimeter, correspond
ing to a density of 1.0, is known as the photometric equivalent, P . 
This relation between the density and the mass of silver was 
confirmed by other workers, but later work has shown that the 
photometric equivalent varies with the size and nature of the 
silver grains forming the deposit. This subject is discussed 
later, p. 226. For the present, it is sufficient to assume that 
both the optical density and the mass of silver, if necessary, 
can be measured with considerable accuracy. 

Continuing their work, Hurter and Driffield gave photographic 
plates a series of exposures increasing geometrically, developed 
the plates, and measured the density. They found that, through 
a very considerable range of exposures, the density increases 
arithmet ically as the exposure increases geometrically; that is, 
t he density is proportional to the logarithm of the exposure. 
Extending the work further, they found that the relation be-
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FIG. G8. Characteristic D log H curve. 

tween the density and the logarithm of exposure, which they 
termed the characteristic curve, is only a straight line over its 
central portion; and the simple diagram in Figure 68 shows the 
general shape of the curve, which falls into three portions, each 
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of them merging imperceptibly into the next. T here is , first, 
an induct ion period, and then the sensitive layer builds up 
density nearly Linearly with expo~Sure un til the main portion of 
the curve i~ reached, where the den~Sity increases as the logarithm 
of t he exposure. Then, with high exposures, the density ceases 
to increase as rapidly as the logarithm of the expoSUI'e until, 
finally, further exposure gives little or no increase in density. 
Still greater exposures, perhaps a million t imes more t han that 
required to give t he first perceptible density, cause reversal, and 
continued light action diminishes the density obtained upon 
development. 

Hurter and Driffield extrapolated the s traight-line port ion of 
the curve to the exposure axis and termed the exposure corre
sponding to the point where it reached the axis the inertia (i ) 
of the material. They used the reciprocal of the inertia as a 
measure of the sensit ivity of the material a nd applied it to the 
calcula.tion of exposure by means of the actinograph. As a re
sult of many experiments, they found that for most emulsions, 
using developers in which t here was no bromide present, the 
points of interseetion of the extrapolated straight lines with the 
exposure axis did not change 'vith the t ime of development or, 
within limit._..,, with the composition of the developer. Thus, for 
the straight-line portion, 

D ~ >(logE - log i), (4) 

where i (the iner t ia) is expressed in exposure units and 'Y is the 
slope of the curve. The steepn~ss of the slope increased with 
development (being zero with no development) ; hence, 'Y was 
termed the development factor. For fuller details concerning "'f 

and development, t he reader is referred to Chapter XI. T he 
equation D = -y(log E - log i) was found to hold for only a 
limited portion of the curve and had, apparently, no funda
mental physical basis. 

Hurte r and Driffield then set out to deduce a mathematical 
expression for the whole extent of the curve, in the hope that 
it would reveal a simple law for the action of light. They made 
the basic assumption that all the materia l in a photographic 
layer is equally sensitive but that not a U of it is favorably situ-
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ated for exposure. The top layer receives light unimpaired and 
is ~dTccted fi rst. Layers below the surface receive light wbich 
has been weakened by passage through the upper layers and 
would thus exhibit an apparent sensitivity diminishing witb 
depth. They pointed out that when light of intensity I s trikes 
the emulsion, the fraction a is reflected, and I ( l - a) penetrates 
the surface. If, at a particular moment, x particles of silver 
bromide per unit area are already changed, t he transparency 
with respect to t hese is e-~:x. From the light admitted by this 
transparency, there should be deducted that which passes all the 
grains, the difference being the light a bsorbed by t he materia l. 
The t ransparency of a ll the silver halide particles, a, in unit area 
is e-.ta, so that the light doing useful work is 

(5) 

From this result, Hurter a nd Driffield derived a differentia l 
equation for the rate of change of the halide particles exposed 
to light and integrated t his to give a relation between the density 
of the developed image and the exposure, introducing as con
stants the opacity of the unexposed ma terial, 0, and the-y of the 
developed image. The equation obtained was: 

E 

D - y log, [0 - (0 - 1)~7] (6) 
where 

log, ~ - - ~ · 

The assumptions made by Hurter and Drifficld do not appear 
to be justified, so that their fi nal equation is not satisfactory as a 
representation of the action of light on the emulsion layer. 

l\!Iuch later (1921), Helmick~ modified Hurter and Driffield's 
equation by adding a group of parameters, including a series of 
powers of the logarithm of the exposure, and t hus made it 
possible to obtain a better fit to the experimental results. 

During the discussion of Hurter and Drifficld's classical paper, 
which continued for some years, E lder 5 proposed a very simple 
formula. analogous to the law of mass action: According to this 
law, first formulated by Guldberg and Waage, the velocity of a 
homogeneous chemical reaction is proportional to t he concentra-
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tion of the substances participating in the reaction, thus: 

dz. ~ K(C. - C.) 

and 

(7) 

(8) 

where CA is the initial concentration of the material, and C., the 
concentration at any time, l. Thus, Elder wrote: 

dn ~ KI(N - n)dt, (9) 

where N is the total number of grains which can be exposed and 
developed, n is the number changed at any time, t, and I is the 
intensity of light. Since N is proportional to D,, the maximum 
density obtainable, this integrates to 

D ~ D.(! - e-"), (10) 

where E = It. This formula fits the experimental data only to 
a very limited extent, because it disregards numerous important 
factors in the exposure of emulsion layers, notably the thickness 
of the multigrain layer and the consequent graduated absorption 
of light. Cha.nnon 7 suggested a more complicated formula based 
also on considerations derived from the law of )llass action but 
involving the absorption of light in the multigrain layer. 

Ross re-examined these equations in his monograph 8 and de
veloped a new formula based on conservative assumptions. 
These were: 

l. All the grains in an emulsion arc divisible in to n groups, 
each group as a whole obeying the mass action law. 

2. The amount of si lver in each group of grains is the same. 
3. The sensitivity factors (r) of the groups can be arranged 

in geometrical progression. This takes account of the factors of 
(a) the true sensitivity difference and (b) the apparent sensi
tivity difference due to the thickness of the emulsion. 

It is seen that Ross did not take into account explicitly the 
effect of penetration of light into the emulsion, but this effect 
was implicit in his analysis as an apparent variation in grain 
sensitivity superimposed upon the inherent sensitivity distribu
tion curve. 
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On these assumptions, the equation connecting density with 
exposure can easily be derived. Calling D., the maximum den
sity (for infinite exposure); s, the sensitivity factor; r, the com
mon ratio of the sensitivities of the various groups ; the equation 
becomes 

( r -·-' ) D = Dm 1 - - L f>kr'll . 

n •-o 
(11) 

Ross assigned a value tor of 1/ 2 and of D., = 5 and then calcu
lated the shape of curves for values of n varying from one for 
single-layer coatings to 10 for thick multilayer coatings. While 
the curves from Ross' equation arc a closer approximation to 
the experimental results than those obtained from the earlier 
equations, a number of factors are still unaccounted for, notably 
the variation in sensitivity among grains, even in single layers. 

Blair and Leighton 9 assume that the formation of the latent 
image is a reversible process ; that is, during the action of light, 
not only are grains made developable, but some of these grains 
lose their developability; and that this action starts from the 
very beginning of exposure. \'.Tith little exposure, the first 
process predominates, and the density produced after develop
ment increases. As the exposure is increased, the reverse process 
takes place ; t he increase of density diminishes and, finally, re
versal begins, and with further increase of exposure, the devel
oped density decreases. Blair and Leighton t hus assume that 
(1) the formation of the latent image is the result of chemical 
action; (2) two processes occur during the action of light, the 
first forming the latent image and the second destroying it; 
(3) the first reaction is autocatalytic; the silver formed in the 
reac:tion increases its velocity; (4) the velocity of the first reac
t ion follows the law of mass action; (5) the velocity of the reverse 
reaction is a function of the mass of the la tent image already 
produced. 

These assumptions are in general agreement with observed 
facts; and the reverse reaction, leading to solarization, is well 
known to occur. But Blair and Leighton assume that the re
versal process begins at once, simultaneously with t he direct 
process. The theory of the autocatalytic effect of the la tent 
image on direct exposure is based OI). the known sensit izing action 
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of colloidal metallic silver, on the action of a brief preliminary 
exposure, which is often stated to increase the sensitivity of an 
emulsion, a nd on the form of the characteristic curve. 

Following these assumptions, the differential equation (12) 
expresses the formation of the latent image in a general form: 

~ ~J,(D)-j, (D.- D) -j,(D). (12) 

In t his, f,(D) expresses the autocatalytic action on the direct 
process; h(D~ - D) gives t he relationship between the direct 
reaction and the number of still-unchanged grains, since the 
difference D~ - D between the maximum optical density and 
the optical density at a given moment is proportional to this 
number; finally, h(D) expresses the re lation for the reversa l 
process. B lair and Leighton assume a simple relationship for 
the function / 2 and / 3 ; that is, they consider the law of mass 
action to be correct. However, they assume that the autocata
lytic effect is proportional to W. Therefore, equation 12 may 
be written in the following form: 

~ ~ K,(D. - D)W - K,D. (13) 

Taking points on the D, t curve where maximum density has 
been attained and, therefore, dD/dt = 0, and using experimen
tally determined values of D~ and D, the ratio of t he constants 
K 1/ K 2 can be obtained. By using this ratio along with experi
mental values of dD/dt and D for other points on the curve, 
values of K, and K2 separately 11re obtained. 

Equation 13 can be integrated to give: 

(14) 

where C is t he constant of integration. The integrated equation 
is rather complicated but, by ca.reful choice of constants, it has 
been shown capable of representing the experimental curves 
fairly accurately. A curve plotted from this equation and com-
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pared with experimental data is shown in Figure 69. Consider
ing the number of postulates made in deriving the equation and 
the number of constants involved, it cannot be said that this equa
tion lends itself to a simple 
in terpretation of the photo
graphic process. , ... ~ 1.6 0 ° 

~ 1. 2 

"' 
0 90 180 210 360 810 2610 

TIME OF EXPOSUI'IE (SEC.) 

Chapuis,10 in an analysis of 
the characteristic equations 
proposed by others, starts 
f~om the assumption that the 
law of formation of photo
graphic density i ~ analogous 
to the law relating the pres
sure to the volume of an ideal de~~~~ u;~d ~~~os~c;:t:cncor~~~~c~~ 
gas. Theredoesnotseemtobe Blair and Leighton. 
any real justification for this 
analogy except that it gives a simple physical basis for the com
putation of an equation. Following the analogy with the equation 

(p + Po)v = povo, (15) 

Chapuis derives as his simplest equation for a single-grain layer 

(16) 

This is then modified to allow for the absorption in a thick 
emulsion layer, for the depression of density produced by the 
presence of bromide in the developing solu tion, and for the in
sufficient permeability of the lower emulsion layers during devel
opment. The final equation was tested by Chapuis on three 
types of emulsion, and reasonably satisfactory agreement was 
obtained. 

In practice, the most important variation in the characteristic 
curves of different photographic materials is in the toe of the 
curve. This portion of the curve was discussed by Hurter and 
Drifficld, who found that in it a linear relationship existed be
tween exposure and the density: 

D ~ kE. (17) 

Luther 11 suggested that the shape of the underexposed portion 
of the curve could be demonstrated most clearly by plotting 
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dem;ities against (log 1!: - log i) instead of against log E. i f the 
different emulsions are developed to the same value of "!', the 
straight-line portions of the curves arc coincident, and differ

Fm. 70. The shape of the under
exposed J>Ortion of the curve according 
to Luther. 

ences in other portions of the 
curve are easily seen. Thus, 
in Figure 70, three curves 
are i:ihown to have the same 
straight-line portion but to 
differ in the toe portions. 
These correspond to ( 1) a 
portrait plate, (2) a medium 
plate, and (3) a contrast plate 
used for reproduction work. 
Luther points out that the 
simplest assumption which 
can be made as to the differ-

ences in t he toe portions of the curves is that the triangles be
tween the abscissa, t he curve, and t he produced !:!traight line are 
geometrically similar. Then it would be possible to convert 
any one curve into any other by mult iplying D and log E j i by 
the same factor. From measurements of the curves of forty 
different materials, Luther found that the toe port ions of all 
characterist ic curves of the same 'Yare geometrically similar, so 
that a single constant is sufficient to express t he shape, or rather 
the extent, of the toe portion of the characteristic curve. The 
equation for the toe portion of the curve is 

(18) 

where h is the factor characterizing the hardness of the emulsion. 
The higher the value of h, the shorter the toe. It follows that 
the slope of the characteristic curve at the exposure value corre
sponding to t he inertia must be a constant fraction of"(, inde
pendent of 'Y and of the material. Luther found that the fraction 
is approximate ly one-half. 

Renwick 12 points out that Hurter and Driffield's expression 
requires modification and suggests the expression 

D- kE - C (19) 



THE RELATION BETWEEN EXPOSURE AND DENSITY 211 

as representing the toe of the curve. The parameters of this 
equation, K and C, were determined by Bloch.'3 

The study of the effect of exposure by statistical methods, 
which has already been discussed (Chapter IV), led to the deriva
tion of equations for the relation between exposure and density. 
These studies, starting with the work of Svedberg and of Slade 
and Higson,t' suggest that the likelihood of a grain becoming 
developable after any particular exposure should be predictable 
from considerations of probability. The general probability 
mliy be expressed in the form 

p ~ f(It); (20) 

but since the grains are dissimilar and can be grouped into a 
number of classes, the la'v has a different form for each cla88. 

To eliminate class differences as much as possible, Slade and 
Higson used a very uniform emulsion which they spread upon 
glass in a single-grain layer. For the purpose of measurement, 
they made the inexact assumption that the grains were identical 
in size and quality. Their method was to count, under the 
microscope, t he relative number of grains which were blackened 
by prolonged treatment with developer (to insure reduction of 
every affected grain) for different degrees of light exposure. The 
experiments resulted in two series of numbers, of which the follow
ing are typical. When they are plotted, one against the other, 
a curve is obtained analogous to the D log E curve of a multi
layer emulsion. 

Relalit>e intemilyof 
light, limeofexpo
llurebdngconstant 

142.0 
67.0 
49.8 
34.0 
16.6 
8.13 
3.98 
2.24 

Percentage 
changed of grains 
originaUy present 

100 (n.pprox.) 
92 " 
70.4 
39.1 
11.2 
5.8 
2.6 
0.5 

Slade and Higson argue that if the grains are identical in sensi
tivity and their dcvelopability depends upon the chance absorp
tion of light quanta, the number of grains made developable in 
any small interval of time will be proportional to the number of 
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grains remaining unchanged at that time. Let x of a grains 
be changed when exposed to light of intensity I for a time t. 
Then the fraction aj(a - x) should vary as ew; but they found 
that, at high intensities, a/(a - x) varies linearly with I and a t 
low intensities with 12• ·w hen I was kept constant while the 
time of exposure was varied, the change of a/ (a - x) with t 
was not linear. From t his, Slade and Higson conclude that 
light does not act in quanta. 

The experiments of Shtde and Higson are insufficient to give 
definite proof of their conclusions, and their deductions would 
be valid only if it were assumed t hat the grains are made devel
opable by a single quantum of light absorbed. 

Svedberg's 1" experimental method also consisted in the coat
ing of plates with a single layer of grains, although Svedberg 
made no attempt to have the grains of a uniform size. By the 
experimental method described previously (Chapter IV, p. 145), 
he determined the average number of developable centers per 
grain: 

k 
v = - , 

n 

where k = total number of centers in the grains 
and n = total number of grains. 

(21) 

He showed that the centers of developability obey Poisson's law 
of distribution. Then, 

if x = number of developable grains of a certain size in a given 
area 

and n = total number of grains of this size in this area, 

which gives the fraction of the developable grains as a function 
of the number k of the centers produced on the grains; k and x 
vary with the exposure and with the size of the grains, whereas 
n is constant for a given size and area. 

Svedberg's equation (22) gives a curve of the same shape a>; 
the characteristic curve, the shoulder being produced by t he 
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gradual exhaustion of the undeveloped grains and having exactly 
the same form as is given by Elder's equation: 

(23) 

Both of t hem show that the increase in the number of developed 
grains with increasing time of exposure is proportion:~ ! to the 
number of undeveloped grains remaining. The deriva tion of 
the two equations is, however, different: Elder's differential 
equation deals with the silver bromide as a whole, while Sved
berg's formula is a probability function derived from statistical 
considerations. Svedberg assumed that since the silver halide 
material of all the grains of the same emulsion should be uni
form, the average number, v, of the developable centers per grain 
should be proportional to the area of the grains, a, or 

v = ac, (24) 

where c depends upon the exposure. Svedberg tested this con
clusion experimentally and considered that the average number 
of developable centers for a given area of a grain is fairly con
stant. However, later work by Toy 15 did not confirm this re
sult. Thus, the ratio v2 : v1 of the average numbers of centers, 
v, for two sizes of classes, a1 and a2 , \vas studied. According to 
Svedberg, this ratio should be independent of exposure ; but Toy 
did not find this result, and a further study by Sheppard and his 
collaborators also showed that the larger grains have a dispro
portionately greater number of developable centers for their area. 

It is seen that in all this work t he relation between the de
veloped density and the exposure to light is based upon assump
t ions as to the mechanism of exposure. The assumption most 
frequently employed in investigations of t his type is that a fixed, 
minimum number of quanta are required for the production of 
a just developable latent image, this minimum number being 
assumed to be the same for every photographic grain. All 
theoretical analyses based on this fundamental a.<;.•;umpt.ion have 
led to t he same conclusion, namely, that a very few quanta 
{l to 4) are utilized by the photographic grain in the acquisit ion 
of a just developable latent image. Silberstein 11 is the author 
of such a theory of photographic exposure. He considers the 
silver ha.lide grains as targets exposed to haphazard bombard-
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ment by a shower of " light-darts," or photons, each carrying a 
quantum of energy, and assumes the probabili ty of an effective 
hit by a single photon to be proportional to the size (projective 
area), a, of the grain, viz., w, where Eisa small numerical frac
tion to be evaluated experimentally. If n is the total number, 
per unit area, of photons thrown upon t he plate, then, under the 
assumption that a single quantum hit is sufficient for making a 
grain developable, the number k of grains, out of a total of N 
grains of size a, made developable is 

k ~ N(J - e-•••), (25) 

with the probable error, ± 0.477,12k(l k/N) . If two light 
quanta are required for developability, the term e-..,,. in (25) 
must be multiplied by the factor 1 +tan; for three quanta, by 
the factor 1 +tan+ (l/2!)(tan)2; and so on. A factor is also 
provided which takes care of the small but finite breadth of each 
size-class of grains. 

A series of photomicrographic measurements was made by 
Trivelli and R ighter 18 with single-laye.r coatings. Clumps of 
grains in these were found to behave like single grains, and the 
numerical results from this work were in fair agreement with 
Silberstein's formula, both as regards the dependence on size, a, 
and the exposure, which is proportional ton. Moreover, abso
lute energy measurements gave t values ranging from IQ-5 to 
I0- 4, of the same order as the efficient fraction of the area of a 
photoelectric potassium cell, as found by Elster and Geitel and 
Pohl and Pringsheim. 

More accurate and more extensive photomicrographic studies 
by Trivelli disclosed a number of considerable discrepancies be
tween the actual counts of grains and formula (25) or its first 
few amplifications. 

It was t hen suggested by Silberstein and Trivelli 19 that while 
a photon of visible light may be too weak to make a grain 
developable, a single photon or quantum of X rays, which carries 
several thousand times as much energy, ought to be sufficient 
for this purpose. Experiments with X-ray exposures of different 
intensities and grain sizes (in 20 classes) ranging from 0.2 to 
nearly 6 JJ.2 yielded results agreeing with formula (25). 
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The original formula has been modified by Silberstein and 
Trivelli 20 to cover the absorption of the incident light in multi
layer coa tings and also the distribution of the sizes of grains 
which occu~ in practical emulsions. Silberstein assumes that a 
grain becomes developable when, of the total quanta falling 
upon it, r quanta falling on a sensitive area of the grain ta are 
effective in producing photochemical decomposition, r being an 
integer and E the small fraction corresponding to the Heffective 
area" of the grain. He shmvs that for small values of exposure 

that is, initially, the density is proportional to the rth power of 
the exposure. The value of r can t hus be deduced from the rate 
at which D increases with E. Inasmuch as values of r, other 
than very low ones, produce impossibly rapid increases of the 
density as t he exposure is increased, this result leads to the con
clusion that of the quanta falling on a grain, only a very few, 
fiom one to four, for example, a.re effective. 

This conclusion should be considered in the light of its dis
cus::;ion by \Vebb,21 who points out that the small value for r 
results from t he assumption that all grains are equally sensit ive. 
If each grain requires the same number of effective quanta to 
become developable, variations of sensit ivity among grains must 
be accounted for by statistical fluctuations in the number of 
effective quanta received by different grains. The formula for 
calculating the fraction of developable grains by an exposure y 
(average number of quanta/grain) is the Poisson probability 
equation, 

(26) 

where k/N is the fraction of grains rendered developable and r 
is t he minimum number of quanta required to render a grain 
de\•elopable. A series of curves drawn from this equation is 
shown in Figure 71, in which it is seen that to obta.in a theoretical 
curve with exposure latitude comparable with that observed in 
actual curves, a small value of r is required. 

I n a paper in which the problem of photographic exposure of 
au emulsion was treated by a graphical analysis, Webb 22 de-
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rived an equation for the density-exposure relationship based 
upon the alternative assumption that grains have varying sensi
tivities. This treatment deals with the quanta incident on the 
grain but can readily be put in terms of absorbed, or effective, 
quanta per grain if these quantities are proportional to the inci-

Fta. 71. Curves corresponding to different values of r in the 
Poisson probability C<Juntion. 

dent quanta. As in the work of Ross, ·webb does not include 
explicitly the effect of absorption by the upper layers of the 
emulsion but lets this effect enter as an additional variation of 
sensitivity. Based on data from exposure-grain count experi
ments for single-grain layer plates, the following form of function 
was chosen to represent the variation of sensitivity among the 
emulsion grains, 

z = J(x, y) = A,e:-k (ln ~-In 11' , (27) 

which expresses, for the grains of size class x, the number of 
grains as a funet.ion of the sensitivity y. In this equation, A, 
is an amplitude factor, which varies with size class in accordance 
with the grain size-frequency distribution of the emulsion. The 
variable y represents grain sensitivity measured in exposure re
quired to render a grain developable, and 6 is a constant corre
sponding to the most probable sensitivity value. The parameter 
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k determines the shape of the sensitivity distribut ion curve. 
The amplitude factor A"' can be ·written in terms of the size
frequency func t ion cp(x) by mea ns of the relation 

cp(x)dx = [A .., .["" e-Hln ~- In '>!dy ] dx, (28) 

which expresses the fact that the number of grains of sensitivity 
values between the sizes x a nd x + dx must equa l the ordinate 
of the size-frequency curve. The t~al number of gra ins ren
dered developable by an exposure E per unit area of plate is 
obtained by integration of the volume under the surface 

z ~j(x,y) (29) 

between the limits y = 0 andy =Ex and x = 0 to C>'.l. Substi
tution of the grain area-frequency function .p(x)·x for the grain 
size-frequency function gives a n expression for the total pro
jective area of deve lopable grains, a quantity directly re lated to 
density D. 'Vith t his change, t he equation finally obtained for 
density as a function of log exposure is : 

D ~ JJ_.f[l + ~ {um•'ifc-•'d~ J ¢(x) · xdx, (30) 
2 o ..J1r Jo 

in which Dm is the density for infinite exposure and Q (defined 
by the relation ln Q = In 0 + (1/2k)) is the value of Ex for 
which one-half the grains of size x have become de velopable. 
The quantity k is the only arbitrarily adjustable param eter for 
bringing the theoretical and experimental curves into accord. 
This equation for the characteristic curve, cont~in ing, as it docs, 
the proba bility integral and the grain area-frequency func t ion 
for which a generally valid expression has not been obtained, 
cannot be integrated directly. Accordingly, the equation has 
to be solved by graphical means, which is a long and tedious 
process. The equation, however, has been tested for a number 
of widely differing types of emulsions and shown to give results 
in good agreement with experiment. 

Equation (30) without the factor ¢(x) ·x.representing t.he grain 
size-frequency distribu tion is recognized as the probability inte
gral. This integral had been employed by earlier workers to 
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represent the characteristic curve. Lienau 23 refers to this equa
tion in its integral form as the law of the geometric mean. His 
formula for the density-exposure relation is 

D f_' D(E) = ;:'- e-•1: s'dS, 
~2~ - · 

(31) 

where D (E ) i'l the density for the exposure /iJ, D ... is the maximum 
attainable density, and '\is related toE by the equation: 

E-Eo 
S = So log. EQ _ Eo' (32) 

in which So and Eo are constants and EQ is that value of E for 
which D = D,./2. Lienau tested this equa tion by comparison 
with density-exposure curves for ordinary emulsions and found 
it to hold closely. 

An equation very similar to the above is given by Houstoun.2·• 

This gives the relation between the fraction of developable grains 
and exposure and may be written 

k loc E. _ (~o~~f,)' - ~ f_ e '~ ·d(log E), 
N -• 

(33) 

in which Eo and a- are constants. Houstoun tested this equation 
by comparison with experimental exposure grain count data for 
a number of emulsions and found it capable of giving good agree
ment with the experimental data. 

Evidence against the validity of the assumption that all grains 
have the same inherent sensitivity is given in a paper by Selwyn,26 

in which he attempts to fit the Poisson equation 

k._- fe->y• 
N- n- r n! 

(34) 

to data obtained from exposure grain count experiments by 
Toy.16 According Lo the Poisson equation, the curve with the 
minimum possible slope is obtained by setting r equal to one, 
which corresponds to the case of a grain being rendered develop
able by a single quantum. However, Selwyn shows that the 
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data obtained by Toy on gra.ins selected carefully for geometrical 
equality give characteristic curves with slopes substantially less 
than the theoretical minimum. Since fractions of a quantum 
are physically meaningless, the Poisson equation cannot fit the 
experimental curves in this case. It appears more likely, there
fore, that nearly all the spread of Toy's curves along the exposure 
axis must be attributed to variations in sensitivity from grain 
to grain. It seems necessary to conclude that at least some 
cases exist in which all geometrically i4entical grains of an emul
sion are not of equal sensitivity. This was maintained by Toy 
in the paper quoted. 

In a later paper, Silberstein takes issue with the ideas put 
forth by Webb and Selwyn and derives a genera lized expression 
for t he characteristic curve, based on the application of formula ' 
(34) to grains of different sensitivity values, r. ~!'he quant.ity 
k/ N represents t he percentage of grains of sensitivity r acquiring 
a la.tent image, and y is the average exposure value per grain 
(all grains considered of the same size). Silberstein points out 
that the moot general formula relating the number of develop
able grains to t he exposure is obtainable on the assumption that 
the emulsion is made up of a great number of grain classes, each 
class having a different sensitivity value, r. He supposes that 
the numbers, r, of quanta required (in each case a minimum) by 
the grains extend over the whole ra.nge of positive integers, from 
r = 1 tor = «~ 1 and assumes the sensitivity distribution is rep
resented by some function, f(r) . The fractional number of 
grains requiring one quantum is represented by illj(l ); the frac
tional number requiring two quanta, by Nj(Z); and, in general, 
the fractional number of grains requiring r quanta, by Nj(r) , 
where the function (r) satisfies the normalizing condition 

L J (r) ~ 1. (35) 

T he expression for the fractional number of grains of a ll sensi
tivity classes rendered developable by an exposure y can then be 
written as 

(30) 
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which corresponds to a superposition of the individual charac. 
teristic curves for the separate sensitivity classes. 

Instead of working direcl.ly with equation (36) of the charac
teristic curve itself, which becomes exceedingly complicated, 
Silbers tein makes use of the derivative equatio n. He obtains 
this by t he addition of the slopes of the elementary curves for 
grains of differing sensitivity, r, where r varies in a manner 
specified by the function f(r). He shows (but with certain re
strictions on the form of f(r)) that a ny but small values of r 

(below about 10) lead to impossibly steep curves. The impor
tant point is the choice of the function f(r) to specify the sensi· 
t ivity distribution among the grains of the emulsion. In his 
analysis, Silberstein limits his treatment to a "reasonable form" 
of the functionf(r) a nd says : 

"Now, with any reasonable form of f(r) , the resultant y i.> not 
far off from the arithmetical mean or average of the partial inflec-
tion exposures ji(r) = r . " 

Thus, the exposure value of the inflection point y of the com
posite characteristic curve must agree approximately 'vith the 
ar-ithmetical mean of sensitivity values of the different grains of 
the emulsion. With the restriction of the choice of j(r), the 
analysis and conclusions given by Silberstein 26 are undoubtedly 
correct; the shape of the experimental characteristic curves indi
cates that only small values of rare admissible. However, this 
depends upon the validity of the restriction placed on the choice 
of the form of the function j(r). 

In replying to the above paper by Sil berstein, Webb 27 pointed 
out that the onl y form of the function j (r) which permits large 
values of r is one in wh ich the exposure of the inflection pointy 
of the composite characteristic curve agrees more nearly with 
the geometrical mean of the sensit ivities of the grains, and th is 
type of funct ion is excluded by Silberstein. Using a graph ica l 
method of analysis, Webb studied several different forms of the 
function j (r) that would give curves of the generally correct 
shape. The plan of procedure is, in principle, the same as that 
employed by Silberstein except that the characteristic curves 
themselves instead of the derivative curves were studied. The 
functional forms studied included f(r) = a/r and a /r e-rr, but 
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the form which wns found to give better ugreement with experi
mental curves generally i ~ 

f (r) = a e-k(ln .-In r 1>•. (37) 

This functional form is identical with the t-iCnsitivity distribution 
function expressed by equation (27) by Webb and contained 
implicitly in the integral equaLions of Lienau and Houstoun. 
From equation (37), it is found that curves of t he correct shape 
can be obtained only if r is a llowed to vary over a range of values 
approximately equal to that of the exposure latitude of the 
emulsion. 

de Langhe,28 using statistical analysis, gives an equation for 
the characterist ic curve of the photographic emulsion bnsed on 
fundamental as.:.;umptions somewhat ditTercnt from those made 
by other workers. He assumes that each absorbed quan tum 
forms•a packet of silver atoms of size 11 ( = 1, 2, 3, or more), the 
value of 11 being constant for quanta of a given energy. I t is 
supposed that these atom packets of one or more atoms add 
themselves to sensiLivity centers pre-existent on the grain to form 
development nudei. The most important feature of de Lnnghe's 
t reatment is t he assumption that not nil the sensitivity centers 
require the addition of the same number of atom packets to 
become development nuclei. He supposes that there arc dis
tributed among a.ll the photographic grains on a given area k0 sen
sitivity centers requiring the addiLion of no packets (fog grains), 
k 1 scn&itivity centers requiring the addition of one packet, k 2 

sensiti vity centers requiring the addition of two packets, k~ sen
sitivity cenl..ers requiring the addit ion of t.lu·ee p:lCkcts, and, in 
genem l, !.:, sensitivity centers requiring the addition of i p:H:kets 
to become development nuelei. The value of i is supposed to 
terminate at some definite value, depending on the emulsion. 
T he total number of atom packets per unit area formed by the 
exposure may be represented by N. Letting N , represent the 
number of packets added to the sensit ivity centers which require 
i packets, the probability TV, that one of the k; sensitivity cen
ters acquires r of the N 1 packets is given by the formula 

(38) 
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The probability that one of the k; sensitivity cent.ers acquires 
at lea.~t a number i of the N; packets and, thus, becomes a de
velopment nucleus is 

(39) 

where k;' represents the sensitivity centers which have become 
developable. 

The total number of development nuclei k' is obtained by a 
summation of the k/ for all values of i from zero to s. Thus, 

i - • •- oo 
k' ~ I: I: k,JV,. (40) 

The average number of development nuclei v per grain can be 
found by dividing the total number of nuclei k' by the number 
of grains n . The final formula obtained by de Langhe for the t 
average number of development nuclei per grain is 

k' ,_, "· [ ( "'- 1 ) '•} ( ,_,_, )] 
v ~ ,. ~ E,. 1 - ---r;- 1 + E "'· , (41) 

where 

If k; is very large compar~d with unity, the approximation can 
be made that 

( k , -.I )'' _ - k-.- ""' e ' · (42) 

With this and other minor changes, equation 42 can be written 

k, k- k, - ' -' ,_, ( " ,_,_, ) 
v ~ - + -- (I - e ') - e • I: -' I: w, · (43) 

n n ~~ n ~~ 

The number of developable grains is a simple function of v, 
the average number of nuclei per grain, as may be seen from the 
following consideration: The probability w, that one of the n 
grains acquires a number r of the k' development nuclei is given 
by a formula similar to (38); namely, 

k' ! (n - I )''~ 
Wr=r!(k'-r)!~· (44) 
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The probability that a grain acquires at least one active nucleus, 
which is the condition necessary for its developability, is 

x (n- 1)'' n = 1 - Wo = 1 - -n-

and for large values of n may be written 

~ = 1 - e -~ = (1 - e-~). (45) 

The frac t ion of developable grains x/n as a func tion of the 
number of atom packets N (N = number of absorbed quanta 
for exposures to light) may be obtained from (45) and (43) . 

de Langhe's treatment allows somewhat more latitude in the 
shape of the characteristic curve than the methods of other 
workers by virtue of his assumption that the sensitivity centers 
have varying sensitivities. In this way, the grains effectively 
cover a somewhat wider range of sensitivities than would other
wise be the case. de Langhe's method does not allow a great 
variation in sensitivity among grains, however, because the sen
sitivity centers of varying sensitivity are assumed to be dis
tributed uniformly among all the grains and, therefore, on the 
average, each grain has the same sensitivity. 

The mathematical treatment given by de Langhe is valuable 
in that it gives a technique for dealing with the exposure prob
lem if more than one sensitivity center exi~.t.s on a grain and also 
if the centers have varying sensit ivities. In this connection, an 
important feature is brought out in de Langhe's calculations: 
Computation of the mean number of development nuclei v as a 
function of the total number of sensitivity centers k shows that 
the curve for v passes through a definite maximum. This is in 
qualitative agreement with the fact, well known to emulsion 
makers, that there is an opt imum poin t to which ripening of an 
emulsion can be carried, beyond which the sensitivity of the 
emulsion decreases. The ripening process presumably corre
sponds to the formation of sensitivity centers on the grain. 

Up to this point, the equations for the characteristic curve 
have attempted to give the relation between density and expo
sure It on a photographic plate, omitting the effects of reciprocity 
law fa ilure and the factor of wave length. It i s well known that, 
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because of reciprocity law failure, the shape of the characteristic 
curve depends upon whether the exposures arc made by varia
tion of the intensity or the time factor of exposure; and, further
more, if the curve is on the intensity scale, the shape depends 
upon the time of the exposure (Chapter VI, p. 24 1). Also, the 
slope of the characteristic curve varies with wave length of the 
exposing radiation owing to variations in the absorption and 
scatter of light by the grains. 

A generalized equation for the curve has been derived by 
van Kreveld,29 taking account of the factors of wave length and 
exposure time, based on certain fundamental experimental rela
tions that have been found to hold. While this equation con
tains several arbitrary functions of }1. a nd t, which are still 
undetermined, it shows, nevertheless, how these functions must 
enter into a ny general equation of the characteristic curve which 
includes these factors. A derivation 30 of this general photo
graphic density law is given below. (See also Chapters VI, p. 250 
and XVIII, p. 687.) 

As pointed out in the next chapter, the log It values necessary 
to produce a constant density plotted as a function of the ex
pOsure t ime can be expressed 31 by the equation 

log It~ F ,(D, t) + F,(D, X). (46) 

Or, since the variations of log It occasioned by reciprocity law 
failure correspond to changes of log I alone, when the reciprocity 
curves are plotted as a function of t ime, this equation can be 
written in the form 

log I ~ J? ,(D, t) + F,(D, X). (47) 

Further, the van Kreveld addition law 31 b· 31c.3 2 states that the 
photographic emulsion adds rad iation in accordance with the law 

~S (D, X.)i,.t ~ I, t48) 

in which ih represents the intensity of the component radiation 
of wave length Xn in the mixed exposure and S(D, Xn) is the 
sensitivity of t he emulsion expressed as the reciproca l of the 
energy of wave length Xn required to produce a density D in 
timet. Stated in this way, equation (48) applies to the case of 
simultaneous addition of radiations. This equation has also 
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been found 32 to hold for successive exposures to light of different 
wave lengths provided the intensities of illumination arc ad
justed to give equal photographic effects in equal times. In the 
ca~;c of simultaneous addition, the times of exposure to all com
ponents are t he same and the intensities are ndditivc, while in 
the ense of successive addition, the effective intensities of all 
components arc the same and the t imes are additive. 

From experimental work carried out primarily to test the 
va lidity of the addition law (48) for successive exposures to 
different-colored radiation, it has been found 32 that the slopes 
of two intensity scale curves made to di ffe rent wave lengths but 
having the same time of exposure bear a constant relationship 
to each other; t hat. is, 

[ a(log I) J /[a(log I) J 
aD ~. aD ~. 

(49) 

i:-; independent of density. The fundamental experimental facts 
expressed by equat ions (47) and (49) form the bases of the 
generalized equation of the eharacteristic curve given by van 
Kreveld. By substitut ing (47) in (49), it is found that 

F ,'(D, t) + F,' (D, X,) . . d d 
Ji't'(D , l) + F 2'(D, >..2) 1s m epen ent of D , (50) 

which requires that 

P,'(D, t) - f(D)J(t), 
P,'(D, X) - f(D)¢(t). 

(51) 

These equations cau be i!1tegrated to give the genera lized equa-
tion 

D _/?[ log I- lf,(t) + ¢,(X) I ] . (52) 
{f(t) + ¢(X) I 

This expresses the remarkable fact that the shape of the charac
teristic curve obtained by variation of the intensity factor of 
exposure, keeping the time constant, depends upon the t ime of 
exposure and the wave lengLh of the exposing radiation only to 
the extent of a bodily shift along the log It axis by the amount 
1f1(t) + tP1(>.) I and a stretching in the same direct ion by the 
factor lf(t) + ¢(X) I . 
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It is possible to interpret 29 the different terms of (52). The 
quantity cJ> 1(A) is a wave-length factor which corresponds to the 
spectra l sensitivity of the emulsion. The wave-length function 
¢(A) gives the dependence of the steepness of the characteristic 
curve on wave length. This function depends upon t he shield
ing effect of absorption and the turbidity a nd sensit ization of 
t he emulsion for the wave length in question. T he functions 
/J( t) andj(t) depend neither on the wave length nor the density 
and, therefore, must be considered characteristic of the funda
menta l photographic process. 

THE PHOTOMETRIC EQUIVALENT 

In a ll the work which has been done upon the relation between 
the light energy incident in exposure and the change produced 
in development, the effect has been measured in terms of the 
optical density, determined by the capacity of the silver deposit 
to absorb light. It would be more logical if the effect of exposure 
were measured in terms of the quantity of metallic silver pro
duced; and it is unfortunate that the measurement of the mass 
of silver in an image is so difficult, since it is probable that 
variation in the covering power of the silver plays a much larger 
part in photographic effects than is generally realized. 

Hurter and Driffield 33 determined the relation between the 
density of a photographic image and the mass of sil ver per unit 
area. This ratio has been termed the Photometric Constant, but 
a better name would be Photometric Equivalent. They measured 
the density at a number of points and then determined the 
amount of silver in the image gravimetrically as silver chloride. 
They found that the density of plates developed in ferrous oxa
late was directly proport ional to the mass of si lver and that a 
density of 1.0 corresponded to 0.0121 gram per square decimeter. 
In an independent measurement at a later date, for plates de
veloped in pyrogallol they obtained essentially the same result 
and a lower value, 0.0104. Eder 3~ confirmed the proportion
al ity, finding the value 0.0 103 for ferrous oxalate; a nd Sheppard 
and Mees, using both gravimetric and volumetric methods, 
found the same value as Eder. 

Nutting 35 worked out a theoretical expression for the photo
metric equivalent for an emulsion made up of m layers of _grains 
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of single-grain thickness. In a layer one grain deep and one 
square centimeter in area, the projective area of all the black
ened grains may be represented by A 1• Then At and (1 - At) 
are probabilities of stoppage and passage of a light ray. The 
probability of passing through m layers is (1 - At) (1 - A 2) • • • 

(1 - A..,) = T ..,, or the transparency. If all m layers average 
alike in grains, At = A 2, etc ., and T = (1 - A)"'. This corre
sponds to Beer's law in ordinary optical theory. Photographic 
density is related to transmission by the equation 

D = - logw T = - fa log. T. (53) 

Thus, 

D ~ - b log, (1 - A)•. (54) 

If A is small, then D = mA/2.3. But A = na where a is the 
average area of a grain and n is the average number of grains 
per square centimeter in a layer one grain deep. Hence, 
D = mna/2.3. But the mass of silver is the number of grains 
times mean volume times 11 effective" specific gravity,• or 
M = mnvp. By division, the photometric equivalent, P, is 
found to be 

p = 2.3~-
a 

(55) 

For spherical grains, the ratio of volume to projective area is 
2/3 d, where dis the average diameter of the grains. Thus, the 
photometric equivalent for spherical grains is 1.53 d · p. E xperi
mentally, Pis of the order of 10 mg. of silver per square deci
meter of film, per unit density. Using this value of P and a 
size of grain 0.0001 centimeter in diameter, the value of p comes 
out 0.66 gm.fcm.3 • This low value shows that the grain cannot 
consist of compact silver and accords well with the structure 
revealed by the electron microscope (Chapter VIII, p. 312, Fig
ure,97). 

Higson 38 worked out a theoretical expression for the photo
metric equivalent using a somewhat different approach. He 
considered the general case where light of intensity 1 falls on a 

• This tmm iM used instead of the eorrect term, "denaity," beca.lUie of the U!l<l of tho 
latter for the phot.ognt.phi~ density, D. 
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colorless slab containing N black grains per square centimeter, 
t he projective area of each grain being a square centimeters. 
The fraction of t he a rea not covered by grains is '1' and the light 
transmitted is 11'. If dN extra grains, of area adN, are added 
at random, they will cover the covered and uncovered portions 
Of the slab in proportion to the a re'as of the covered and un
covered parts, i.e., in the proport ion (1 - T) : '1' . Accordingly, 
the area a·dN · '1' of the part previously uncovered becomes 
covered, and t he proportion a ·dN·Tf of t he light is cut off. 
The addit ion of dl'!/ grains changes the transparency by an 
nmounta ·dN ·T;or 

- dT ~· adN X T. (56) 
Therefore, 

- ?if~ adN, (57) 

J.'dT r' 
- ' T =a Jo dN. (58) 

Since T = l when N = 0, 

D = -log10 T =~ · (59) 

The mass of all the grains, N , per square centimeter is given by 
.M· = Nvp, where v and p are mean volume and " effective" 
specific gravity of the grains. Thus, the photometric equiva
lent , P, is found to be 

(60) 

in agreement with the formula derived by N utting. 
Arens, Eggert , and Heisenberg 37 give a t heoretical t reatment 

of the photometric constant in which t hey consider the im
portance of the shape factor of the grains. T heir formula for 
density is 

D ~ ~~3" ~ ~' {61) 

this is the formula used by Nutting and Higson. If the a rea, 
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a, of a grain be expressed in terms of its mass, Jl., and effective 
specific gravity, p, the formula is 

N (")'" D ~2.3I ;; · (G2) 

The factor f is a numerical constant depending upon the shape 
of grains in the emulsion. For cubic particles, f = 1.0; for 
spherical particles, f = 1.21 ; while for square plates whose thick
nes~:> is Ys the length of a side, f = 4.0. From the relations 
M = nJJ. aml5 = 1/ P = D/M, the equation is 

(63) 

5 is the covering power and is equal to the reciprocal of the 
photometric equivalent P. 

Arens, Eggert, and Heisenberg tested this equation for emul
sions in which f and p were constant and the mass of grains 1.1 

was variable. Using several different types of development, 
they found that the variation with the grain mass J.l. was very 
closely in accord with the above equation. Using experimenta l 
values of 5 and ~-'• they calculated the (j / pZI3) values for a variety 
of development conditions and found this factor to vary from 
10.3 X I0- 1 to 5.4 X I0- 1• In the equation 

p = 2.3 .!:£., 
a 

(64) 

the value a must be considered the projected area of the grains 
supposed to be of uniform size. In fact, however, the sizes of 
developed grains in a film layer vary over a wide range deter
mined by the distribution of size of the silver halide grains. 

The question is whether one is justified in app ly ing the equa
tion given above using a as the average area of grains of a range 
of sizes. This question has been studied by Silberstein,* who 
finds that whatever t he shape of the grains, the usc of a range 
of grain sizes, instead of uniform grains, introduces only a nu
merical factor into the equation. In the case of spherical grains 
and a n exponential distribution of grain sizes, such as may 

*Private communication. 
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reasonably be expected, the factor is 1.33; i.e., 

(65) 

where a is the average grain area. 
It is seen that the opt ical density is not proportional simply 

to the mass of sil ver per unit area. Since the photometric equiv
alent iS proportional to the diameter of the silver grains, it is 
unlikely to be independent of the exposure or the development 
of the material. 

.Meidinger as found that the equivalent is independen t of ex
posure but that for emulsions of different grain size, its value 
decreases with decreasing size of grain. 

Sheppard and Ballard 39 undertook a n extensive study of the 
subject, using a method of analysis which enabled them to 
measure the mass of sil ver on photographic areas of only one 
square centimeter. They converted the sil ver to colloidal silver 
sulfide and compared the color of the solution wi th that of a 
standard in a micro-colorimeter. By the use of an instrument 

TABL E XII 

Process Film Commercial Film EU$Iman SS Pi«te 

D p D p D p 
0.21 0.0218 0.15 0.0214 0.44 O.Q\ 94 

.35 .021 4 .25 .0215 .53 .01!)7 

.53 .0221 .41 .0203 .00 .0192 

.89 .OIU7 .59 .0209 1.08 .0188 
1.13 .0155 .85 .01 88 1.00 .Q\96 
1.34 .0147 1. 19 .0176 2.00 .0179 
1.58 .0134 1.55 .0166 2.75 .0164 
1.87 .0123 2.32 .0149 4.47 .0149 
2.07 .0113 4.64 .0140 

employing 2 cc. of solution, it was possible to determine two 
micrograms of silver with a fair degree of accuracy. Sensito
metric strips were made on film, and small disks were punched 
out with a hollow steel punch. Then the gelatin was treated 
wi th strong sulfuric acid, and the silver was brominated with 
bromine water. Aqueous ammonia was added to dissolve the 
sil ver bromide, and then sodium sulfide solution was added. 
I n a direct comparison of the micro-colorimetric method with 
gravimetric determinations on large areas, the agreement was 
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excellent. Determinations could be made down to one micro
gram of silver, but on such a small amount the error wns ± 10 
per cent. The results obtained showed that the photometric 
equivalent va ries with the exposure and the development. Ex
amples taken from their paper are given in Table XII. 

The fact that the covering power of developed silver can vary 
enormously is shown by the figures determined for the silver 
equivalent of fog produced by extended development. 

TABLE Xlll 

Time of Gm.-.. Sll1•er 
Detoeloptnenl Density perlOO cm.' 

32mins. 0.35 0.010 0.029 
64 .78 .025 .032 

128 1.24 .058 .047 
2rm 1.34 .Of.C .().19 

1024 " 1.34 .078 .oc.s 
Ori~innl emulsion O.OS3 

It is seen that nearly the whole of the silver wns finally re
duced, but with a final density of only 1.34. Yet, by sufficient 
exposure to Light, this same amount of silver produced a density 
approaching, or greater than, 6.00. This difference cannot be 
due entirely to the "selective effect" by which fog starts more 
readily in the larger grains ; it must also be connected with the 
influence of the rate of reduction of t he grain, according to 
~vhieh, l:hc slowtr the reduction, the more compactly the silver 
11S depostted. 

TABLE XIV 

Gms. Silt-er 
LogE Denrity per IOO cm.• p 

Nocxpollurn 2.10 0.0503 0.0240 
1.5 1.52 .0!",()1 .0330 
2.4 2.48 .0499 .IYlOI 
4.0 393 .0510 .0130 

Another example of the astonishing variation of the photo
metric equivalent in the case of long-continued development 
leading to the production of fog is cited by Pritchard.40 l\Iotion
picture positive f"ilm exposed to X rays was developed for 271 
hours and was then analyzed for silver content, with the results 
shown in Table X IV. It is seen that all the exposures gave tho 
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same amount of silver and that the variation in density is due 
solely to the va riation in covering power of the deposit. It is 
probable that an explanation of these resu lts cou ld be found 

from a study of the structure 
of the deposit by means of 

T o.o.s the electron microscope. 
I Eggert a nd KUster 4 1 meas-

FILM"' . 

ured the relation between the 
diameter of the grains and 
the photometric equivalent of 
various emulsions under a va
riety of development con
ditions and found that the 
equation 

p ~ 1.53dp (66) 

derived by Nutting for 
spherical grains holds very 
accurately. Their results a re 
show n in F igure 72. The 

~ d z direct dependence of P upon 
grain diameter makes possible 
the expression of the photo-

0 l=lLM 0 
E 

metric equiva lent in terms 
FtG. i2. The rel:ttion between the of the Callier quotient Q. 

:::;1~~~:~~~t~fte ~~f~~';'t~::t~n~.nd the di- Cal lier 42 sho"-•cd that the ratio 
Q of specu lar to diffuse den

sity, D" / J)H, is closely related to grain size and increases with it. 
Measurements by Eggert and Kiister 4L 43 show that the rela
t ion is 

d ~ 6.8 log Q. (67) 

Using this va lue of d in equation 66, 

P ~ 10.4 p log Q, 

\vhich is the relationship between P and Q. The na.ture of the 
Callier quotient and its relation to the prin t ing density are dis
cussed in Chapter XVII, p. 642. 
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CHAPTER VI 

THE RECIPROCITY, INTERMITTENCY, AND CLA YDEN EFFECTS 

THE RECIPHOCITY LAW FAILURE 

In 1876, Bunsen and Roscoe 1 la id down a general law for 
photochemical reactions which states that the product of a 
photochemical reaction is dependent simply on the total energy 
employed, that is, on the product of intensity and time, and is 
independent of the two factors separately . From the reciproca l 
relation between time and intensity in the Bunsen-Roscoe ex
pression, it was called the reciprocity law, and deviation from it 
is known as failure of the reciprocity law. 

Scheiner 2 found in connection with the photographic photom
etry of stars that this relation was not strictly val id for the 
photographic emuhsion. He noted that a change of 2.5 times 
in intensity in stellar photog-raphy, which corresponds to a 
chang-e of one magnitude in star brightness, gave a change of 
on ly about 0.7 magnitude photographically. This work, there
fore, caused the validity of the reciprocity law to be questioned. 

[n 1893, Abney 3 verified Scheiner's results by sensitometric 
measurements. Working with two different light sources, a 
candle and an electric spark, he obtained evidence that the effi
ciency of the photographic process was a maximum at one 
intensity level and that t he efficiency decreased at extremely 
high and low intensi ties. Abney thus demonstrated tha t there 
is one intensity level at which the photographic effect proceeds 
most efficiently. 

Schwarzschild 4 (1899) confirmed Abney's resu lt s that the reci
procity law is not valid and concluded that a constant effect is 
produced as long as the condition 

JtP = constant ( I ) 

is satisfied, in which pis constant and equal to about 0.8. This 
relation, with p constant, came to be generally known as Schwarz
schild's law and is frequently referred to by this name today. 

236 
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However, it is now well known that this relation, with p con
stant, is no t a valid cri terion for determining a constant photo
graphic effect over very wide ranges of intensity. The reason 
Schwarzschild obtained his resul t is that he was an astronomer 
working in the region of extremely low intensities with exposures 
varying from a few minutes to several hours, and the above 
expression wi th p constant could be applied with considerable 
accuracy over the limited range in which he was interested. 

In 1901, Engl isch ~ made measurements of the reciprocity law 
fa ilure which agreed with Abney's work and found that the 
exponent p is variable. 

Sheppard and Mees 5 (1903- 1906) found that there is an in ten
sity at which the photographic effect is a maximum for a given 
exposure. In their work, the measurements were extended to a 
wider range of intensities than those used previously. They 
established the fact that, if an equation of t he type 

I lP = constant (2) 

is to be used to express the exposure condition required to give 
constant density, p must be a variable changing from a value of 
less than unity at low intensities to a value greater than unity 
at high intensities. 

The true form of the relation between intensity and the effec
t iveness of exposure was fi rst given by Kron/ who in 1913 ca rried 
out an extensive investigation of the reciprocity law failure. 

•iii tfHHHIHtl 
FIG. 73. Reciprocity failure curve for comtant density (Kron) . 

Kron gave his results in the form of constant density curves; 
t hat is, he plotted against the logarithm of in tensity t he log
arith m of exposure (It) required to produce a constant density. 
One of Kron's curves is shown in F igure 73. For all the emul
sions studied, he found an optimal intensity, or an intensity at 
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which a minimum. amount of exposure is required to produce a 
given density. Kron a ttempted to formulate a general law by 
which he could represent the reciprocity la.w failure for any 
emulsion and found that his curves of constant density were well 
represented by the hyperbolic equation 

log I t= constant+ a~(log ! f l oP + 1, (3) 

in which a and I o are constants varying with different emulsions. 
The constant a governR the shape of the curves and is thereby a 
measure of the extent of the reciprocity law failu re, while [0 

corresponds to the optimal intensity. Kron's measurements 
were applied extenRivcly by Halm ~ to the photographic photom
etry of st-ars. In this work, Halm preferred to use the catenary 
equation 

log It - constant+ log[(l// 0)• + (T/l0)~], (4) 

which was an a lternative equation origina lly suggested by Kron 
to represent the reciprocity failure curves. Halm found that 
this equation gave as good agreement with the experimental 
curves as the hyperbolic equation, and he considered it more 
desirable for practical use because it reduces at extremely low. 
int.ensit.y to the simplified equation 

log It = constant - a log I, 

which in its linear form becomes 

Jt'i±o. = constant, 

(5) 

(6) 

which is the Schwarzschild equation when p = 1/(1 ± a). 
Curves representing t he various equations for constant density 
nre shown in Figure 74. Curve A is the catenary; curve 13, 
the hyperbola; and the straight sloping lines CC' represent 
the Sehwarzschild equation, f tP = constant. The horizontal 
straight lines, DD', represent the Bunsen-Roscoe reciprocity law 
in t he region ncar optimal intensity, where deviations from the 
law a re less than 5 per cent. 

Helmick 9 (HJlS- 1921). carried on studies of the reciprocity 
law failure, using monochromatic light of different wave lengths. 
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In agreement '~ith previous workers, he found a very definite 
optimal intensity for all emulsions tested by him. 

During the period 1923 to 1927, an extended investigation 
was made by Jones 10 and his co-workers. They carried out 
measurements on various types of emulsions over wide ranges 

Fto. 74. Curves corresponding to various suggested equations for reci
procity failure: A, catenary; B, hyperbola (Kron); C, C' (Schwarzschild); 
D, D', Bunsen-Roscoe h~w. 

of intensity and studied the effect of development upon the 
recipwcity law failure. Particular attention was paid to finding 
the correct relationship between the intensity and time factors 
of exposure. In agreement with Halm, t hey found that the 
catenary equation fitted their experimental results better than 
any other type that had been suggested. A typical family of 
reciprocity failure curves obtained by these workers is shown in 
Figure 75. 

In 1927, Arens and Eggert 11 published their experimental re
sults on reciproCity law failure. They advocated a new method 
of presenting results on the subject. Instead of plotting values 
of log It vs. log I for constant density, the authors plotted log I 
as a function of log t for constant densities. By variation of 
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the density, a family of curves is obtained between the variables 
log I and log t (Figure 76). The slope of these curves at any 
point represents t he value of the Schwarzschild coefficient p 
and, t herefore, is a measure of the reciprocity law fa.ilure. ]{ 
there is no reciprocity law failure, the log I , log t curves are 
straight lines of slope -1. One of the chief points in favor of 
the system of Arens and Eggert is that symmetrical roles arc 
given the variables log I and log t. 

FIG. 75. Reciprocity failure curves for constant densities: o , experimental 
v:tluc;;; solid lines culculated from catenary cqu:~t.ion. 

The method of representing reciprocity law failure outlined 
above is actually but a part of a more general system put forward 
by Arens and Eggert for representing sensitometric d:tta. Ac
cording to this general system, the variables D, log f , and log t 
play equally important roles. By using, in turn, D, log I , and 
log t as the variable parameter, three families of curves can be 
obtained, as follows: 

frukpnulent Jkpendent 
1'ariabk Variable Parameter NameofCunoc 

logt D lop: / TimcSct~lc 
log/ D logt lnten~ity Scale 
log t log / D Const-ant Density 

The gradient.s of thc:;c three families of curves may be denoted 
by g(t), g(l) , and - p, respectively. 
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The difference between time scale and intensity scale charac
teristic curves is due to the failure of the reciprocity law. Jf 
this law were valid, both scales would be identical. This raises 

FIG. 76. A plot of p values on the log I, log I plane for d iffcrcut 
density values. 

the question of the connection between the three grndicnts y(t), 
y(!) , and p. Since pis the gradient for a curve, D = constant, 

aD aD 
dD - 0 - (log I ) d(log I) + (log t) d(log t), (7) 

or 
d (logJ) aD(a loot g(t) 

- d(log t) - p - aDja log I - g(I ) . (8) 

This formula is discussed also by Ros.s/2 de Langhe,13 and 
NarathY For those portions of the (D, log t) and (D, log!) 
curves for which g(t) and g(I) are equal to 'Yt and 'YI, respec
tively, t he Schwarzschild coefficient p is given by 

(9) 
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I n relation to the reciprocity law failure, there are three char
acteristic regions of intensity corresponding to the three con
ditions: 

p <I, 
p ~ I, 

p > 1, 

"ft < "YT 

"fl = ")'! 

'Yt > "(! 

low intensity 
optimal intensity 
high in tensity 

This is a very useful scheme for relatinp: the Schwarzschild co
efficient and the 'Y values of the intensity and time scale curves 
to the different regions of intensity. 

··1---1/"7'~---t·z·~t==·~·~~~·~~:±==:±~~ .r / 1/ /_,,..c 

Fw. ii. Curves show ing variation of reciprocity law failure with 
temperature. 

Q8 

From the measurements that have been made on reciprocity 
law failure, it can be said generally that the reciprocity charac
teristic varies greatly with different emulsions. However, there 
appear to be no general rules by which the reciprocity law failu re 
can be related to other attributes of the emulsion, such as speed, 
grain size, or color sensit ivity. The curves are usually sym
metrical for a considerable range about their minimum point 
but frequently turn sharply upward at low intensit ies . T he 
exposure intensity at which maximum efficiency occurs is about 
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that value for which a medium density is produced in from 0.1 
to 10 seconds. The shape of the curve varies little with the 
time of development except for slight shifts in optimal intensity. 

It has been found Hi that the reciprocity law failure displays 
a marked va-riation with temperature. A series of reciprocity 
failure curves for temperatures from 50° C. to -186° C. is 
shown in F igure 77. It is seen that with a decrease of tempera
ture, the high-intensity end of the curve rises continually, while 
the low-intensity end of the curve at first falls and then moves 
upward. At a sufficiently low temperature, the reciprocity law 
failure disappears, as shown by the curve for -186° C. 

Reciprocity curves with surface, internal, and 
commercial developers. 

This behavior of the reciprocity characteristic with tempera
ture suggests that the reciprocity failure curve results from the 
superposition of two separate and distinct phenomena, one of 
which predominates at high intensity and the other at low. 
A similar conclusion may be drawn from the study by Berg, 
Marriage, and Stevens 16 of the reciprocity failure shown by 
materials developed for the surface and internal latent images, 
respectively (Chapter IV, p. 169). Three of their reciprocity 
curves are shown in Figure 78-one for a strip developed in an 
ordinary commercial developer; the second, in a special devel
oper adapted to develop the surface latent image; and the third, 
in a developer containing a silver solvent which removes the 
surface and utilizes the interior nuclei. It is seen that the curve 
for the internal image slopes in a direction opposite that of the 
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curve for the surface image, which suj!;gests that wit h low inten
sit ies, the surface nuclei are favored at the expense of the interior 
nuclei. In these experiments, the internal latent image did not 
tend to decrease with increasing intensity even at the highest 
intensities used. 

The High-Intensity Effect 

On the basis of the theory of latent-image formation proposed 
by Gurney and .Mott, the reciprocity law failure a t high inten
sity is a ttributed to the sluggishness of the secondary process of 
latent-image formation, which consists of the migration of silver 
ions to the speck. For exposures at high intensity, the migra
tion of silver ions cannot occur as rapidly as t he primary, elec
tronic part of the latent-image process. T his prevents imme
din.te neutralization of the electronic charges as they arc trapped 
at the sensitivity specks. The negative charge on the specks 
repels further electrons and thereby limits the subsequent rate 
of trapping of electrons to that a t which silver ions can reach 
the speck. The first thoug;ht is that these electrons recombine 
wit.h bromine atoms, but the experiments of Berg, ) 'l arriage, and 
Stevens 16 referred to above furnish evidence that the majority 
of the electrons contribute to the forma tion of latent-image 
nuclei in the interior of the grain, where they are unavailable 
for development. This is in accord \vith the theory proposed 
earlier by LOppo-Cramcr 17 that the reciprocity law fn ilurc at 
high intensity results from the formation of increasing amounts 
of internal nuclei with increasing intensity. The shift upward 
of the high-intensity end of the reciprocity failure curve with 
l'owered temperature can be explained in the same way. As the 
temperature is lowered, the mobility of the silver ions is reduced, 
since the ra te a t which they can migrate to the specks is 
decreased. Therefore, in the region of high intensity, where 
exposure times are short and ionic mobility becomes an im
portant factor in emulsion sensitivity, reduction of temperature 
results in a lowered emulsion sensitivity. In this region, a de
crease in temperature has the same effect as an increase of light 
intensity, since either effectively slows up the ionic mobility 
relative to the rate of charging the speck. This is shown in 
Figure 77. 
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Finally, if the temperature is lowered sufficiently, the reci
procity law failure clisappears. The curve for -186° C. is 
horizontal, showing no effect of the intensity level upon expo
sum. At this temperature ionic mobility in silver bromide is so 
low that no appreciable mo vement of silver ions can take plaee 
during an ordinary exposure. Experimental evidence for this 
is given in Figure 70, showiug interrupted exposures at low 
temperature. It may be suppo::sed t hat at -18{)° C. the elec
tronic process of latent-image formation alone takes place during 
the expOsure period and that the secondary ionic p1·ocess occurs 
only after the emulsion is warmed up for development. Under 
these conditions, there should be no effect of the in tensity level 
since, in the absence of any neutralizing effect of the ions, the 
rate of charging the speck would be immaterial. 

On the basis of this discussion, it is J'eadil y seen that, for any 
temperature, the influenee of intensity level upon the photo
graphic effect should disappear, provided that the exposme 
period is sufficiently short. This is because, for extremely short 
times, the exposure to light and, therefore, the electronic part 
of the latent-image proeess would be completed before t he silver 
ions could move appreciably. The exposme time required to 
bring about this condition would become shorter with rising 
temperature. At liquid-air tem perature, the condition is seen 
to hold for all exposure times covered in Figure 79. Berg 1 ~ 

investigated this problem at room temperature and found t hat 
the rceiproeity failure eurves do flatten out at extremely short 
exposure t,imes. Aeeording to Berg's results, the bend-over 
point occurs in t he neighborhood of w-o seconds. 

Low-Intensity Effect 

The failure of the reciprocity law at low intensity corresponds 
to a drop in the efticieney of the photographic process with 
lowered intensity. In Figure 77, it is seen that this effect is 
diminished by a decrease in temperature. This experimental 
faet has led to the suggestion 19 tha.t the low-intensity reciprocity 
law failure arises from a regression of the latent image by therma l 
motion. To account for the effeet of lowered intensity, it is 
necessary to assume that this regression t ukes place more readily 
in the initial stages of formation of the speck than in the later 
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FIG. 79. Characteristic curves showing the effect of interrupted exposures 
a.t low temperatures: 

Curve 

A 
B 
c 
D 
E 

Expos. Temp. 

20"C. 
-186"C. 
- 186"C. 
-186"C. 
-186"C. 

Expos. Time 

1- 160 sec. Hash 
1- IGO " " 
2- 80 " " 
4- 40 " " 
g.... 20 " " 

B, C, D, E emulslollJl warmed to 20" C. after each flash. 
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stages. Thus, for a low-intensity exposure, when the speck 
forms slowly and exists for some time as a clump of only a few 
silver atoms, t he speck would be more likely to be broken up. 
T he disintegration of the speck is supposed to proceed by ejec
tion of an elect ron from t he speck into the surrounding silver 
bromide grain, followed by the diffusion away of a silver ion. 
If the regres:-;ion is considered to be due to the thermal ejection 
of electrons, the observed suppression of this effect with lowered 
temperature is to be expected.* If the temperature is lowered 
sufficiently l..o eradicate this regression action, further decrease 
in tempera ture results in a decrease of sensitivity in accord with 
the lowered ionic mobility, as described previously. When this 
stage is reached, there remains only the high-intensity compo
nent of reciprocity law failure, which then manifests itself even 
for long exposure times. 

T hat the low-intensity component of reciprocity law failure 
results from disintegration of the latent-image speck in its iuit.ial 
s tages of formation has received some support in experiments 
carried out by \Veinland 20 and \Vebb and E vans.21 T he follow
ing is a description of one of the experiments by Webb and 
Evans : 

An emulsion was given a series of equal energy exposures, each 
exposure consisting part ly of high-intensity, H.L, and part ly of 
low-intensity, L.l., light. The intensity level of the H .I. part 
was nearly optimal, while that of the L.I. part was lower by a 
factor of one thousand. The results of a series of such expo
sures, in whi<:h the relat ive proport ions of JLI. to L.I. were 
varied through the range of zero to one, are shown in Figure 80. 
The upper curve of the loop corresponds to the condition t hat 
t he H.I. pa rt of the exposure was made first and t he L.l. part 
second, while t he lower curve corresponds to the reverse condi
t ion. For both curves, the relative proportions of H .I. to L.L 
exposure were varied through the steps indicated by the diagram 
at the bottom of t he figure. The reciprocity law failure for the 
emulsion between the intensity levels H.L and L.l. is shown by 

• w hile t he or igin or t he regre"~Sion in spontaneous t hermal deeompo~~ition ll.Kl'<'I'B 
with t he su t>t>r<•!ll<ion of the <"ffo<:t by low<Jre<l temper.o.tn ro, t h:ot fac. t doe>J not neceAA.Hily 
indicnten thernuol or igin of the regrcl!l!ion. If the re~~:relll!ion of the image we rodue to 
<:hemicully indu"<'il M tiou, it would rol1:10 di!!npJ)enr a t low tcm pcratuT'C$. The po.s~~ibility 
o f <\ ehcmieltl uction lead inK to re,l{reuion i~ 8\IKI(e~tcd by the vnri<\tion of the reciprocity 
fnilutc'lwiththe proo:eduro followed in m nkinli:thecm ulaion . 
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the difference in density between the extreme left point (all 
high·intensity exposure) and the extreme right point (all low
intensity exposure). The difference in shape of the two curves 
between these two points is attributable to the difference in the 
time order of the exposures. It is seen that if the H.l. part of t.he 
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2 .2 

2 .0 

1.6 

1.6 

1.4 

1.2 

1.0 

0 

J 
L.I. ON Hi' f--
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....___ 
~ 

b-:-t----.. \ H.t . 10N L.I. 1'---.. 

CONSTANT EXPOSURE a( ... . I .)+b(L.I.) (a+b • I 

----~ 1/2 (L.I.) 
3/4(L.I) I(L.I. I(H.I.) 

~ 3/4(H.I.) 

1/4 1/2 

b/a~b 

~ 
3/4 1/ 8 15/ 16 1.0 

FIG. 80. Curves showing the effect of equal energy, mixed exposures, 
partly nt high intensity and ]>artly at low intenll.ity. 

exposure is applied fi rst, the L.l. part of the exposure is a.Jwa.ys 
rendered more efficient. In fact, for the case illustrated, if the 
H.l. exposure is given first and amounts to as much as one
fourth the total exposure, the L.I. part of the exposure is ren
dered just as efficient as if the exposure were made entirely at 
high intensity. On t he other hand, if the order of the exposures 
is reversed, the L.I. part being applied first, the drop in efficiency 
of the L.I. exposure is very marked. The mterpreta.tion that 
has been given these results is that the reciprocity law failure 
a t low intensity takes place principally in the initia l stages of 
exposure while the 8peck is still sma.ll. If a sufficient amount of 
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exposure is given first at high intensity, a. stable speck is estab
lished, which can be completed with low-inten~ity light. This 
experiment a lso demonstrates the important fact that a stable 
ht.ent-imngc speck cnn exist which is not yet developable. This 
is supporte<! by the work of Brentano and Ba.xter,Tl who found 
that for intermittent exposures below the threshold the effect 
is simply the sum of the single exposures. 

Effect of Wave Length upon Reciprocity Law Failure 

An important characteris tie of the reciprocity law failure is 
it.<> relation to the wave length of the exposing radintion. If the 
reciprocity failure curves for a 
given ma.te rial and development § 
eondition are plotted so t lmt the " '-......_ ..... x, 
abscissa is the logarithm of the ~ . __________., 
t ime factoc of exposure, the ~ ~·· 
curves for different wave lengths 
have the sa me shapes but arc 
d isplaced vertically from one 
a nother 23 (Figure 81). T he 
shapes of t he curves depend cu~~:; r:/·ligh~{e~::p~~~~nt~:.1~~~ 
upon density and t ime of expos- lengths. 
ure, whereas their heights de-
pend upon density and wa vc length. This effect can be ex
pressed in ana lytical form by the functional ertuation 

log It ~ F,(D, t) + F,(D, ~). (10) 

By rea.rra.nging the terms of this equation and using anWloga
rithms, the equation 

S(D, ~)It ~ X(D, t) ( 11) 

is obtained, where S(D, X) represents the spectral sensitivity of 
the emulsion in reciprocal energy units required to produce a 
given density D . Accmding to equation (11), t he spectral sensi
t ivity of an emulsion is independent of expo..'>ure t ime in the . 
sense that the relative amounts of exposure required to produee 
t he same density at two wave lengths remain const-ant for any 
time of exposure provided that the exposure times for the t wo 
wave lengths arc the same. , This result is closely related to the 
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law discovered by van Kreveld (Chapter XVIII, p. 687), accord
ing to which the photographic emulsion behaves addit ively for 
radiation of different wave lengths. (See also Chapter V, p. 224.) 

The above results can be explained quali tatively by the 
Gurney-.Mott theory, according to which the sensitivity of an 
emulsion to diffe rent wave lengt hs depends upon the degree to 
which different wave-length radia tions can produce p hotocon
ducting electrons. After an electron is in the conduction band, 
it is like a ny other electron in the conduction band, and whether 
it was placed there by n blue or a red quan tum of radiation is 
t herefore immaterial. The efficien cy with which the electrons 
arc utilized in latent-image formation, which depends upon the 
rate at which they are ra ised into t he conduction band , deter
mines the magni tude of the reciprocity law failure. It is thus 
seen that the important factor for reciprocity law failure is the 
time rate of formation of t he latent image. If exposures to 
different wave-length radiations are compared on the basis of 
equa l densities in equa.I t imes, it is to be expected that the 
reciprocity failure curves would run parallel. 

THE I NTERMITTENCY EFFECT 

An effect closely associated with the reciprocity law failure is 
the so-called intermittency effect. The density produced by an 
exposure given in a number of discrete install men ts is, in general, 
different from that produced by a continuous exposure of the 
same energy. 

A quantitative study of the effect of in termittent exposures 
was first carried out by Abney 2·1 in 1893. In this work, t he 
effects of light intensity, ratio of light to dark period, and speed 
of interruption of the exposure were investigated ; and it was 
found that all of these factors influenced the result.s. Abney 
found that in all cases the intermittent exposure gave a smaller 
photographic effect than an equal-energy continuous exposure. 

I n 1899, Englisch r.~. made measurements from which he studied 
the behavior of the intermittency effect. In agreement with 
Abney, he found tha t the intermittent exposure was always less 
efficient and that it was dependent upon the in tensity of light 
in the light period, the amount of light given in each flash, and 
the rate of interruption. 
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Schwa.rzschild (1899) 2~ carried out further experiments on the 
intermittency effect, and from his results concluded likewise that 
the intermittent exposure always gives n smallel' effect than the 
continuous exposure. He confirmed the results obtained earlier 
by Abney and Englisch with regn,rd to the effect of the intensity 
of light and the ratio of light to dark period. 

In an effort to determine the extent to which the results of 
practical sensitometric tests made with rapidly rotating sectors 
are affected by the intermittency effect, Sheppard and Mees 
(190:!) 26 carried out tests on the intermittency effect. They 
found that, for sufficiently low frequency of flash, the results 
were very nearly the same as for an equal-energy continuous 
exposure. 

In 1914, Weber 77 carried out experiments to test the validity 
of the use of intermittent exposures in spectrophotometry. He 
found that if the over-all exposure time is long and the exposure 
is broken into a sufficiently large number of interruptions, t he 
effect of an intermittent exposure is equivalent to that of a con
t inuous exposure of the same energy and remains so for a.ll 
higher numbers of interruptions. 

Howe 28 (1916), working with the Hilger sector photometer, 
came to the same conclusion as 'Veber; namely, that inter
mittent and continuous exposures of the same over-all time and 
energy produce equal photographic effects under the conditions 
of low intensity and large number of interruptions. Similar 
experiments carried out by Martin on the Hilger sector pho
tometer 29 (1918) confirmed the findings of Howe and Weber. 

In 1926, Baker 30 carried out an investigation on the inter
mittency effect and concluded that an expression similar to that 
proposed by Schwarzschild for continuous light could be used 
to express this effect; namely, 

j(D) ~ It• (12) 
where D = density 

l = illumination 
and t = duration of actual exposure to light. 

If the sector is revolved only once, 1r will be equal to t he Schwarz
schild index p, but if the intermittent exposures integrate, '~~"will 
become unity for sufficiently high sector speeds. Baker's re~ 
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Search showed that the deviation of 1r from unity for speeds 
giving sixty flas hes a second is less than one per cent. 

Wein land aL (1927) studied the in termittency effect with light 
of several wave lengths between 254 m~ and 436 m~. His re
sults indicated a close connection between the intermittency 
effect a nd the reciprocity law failure, although he worked at only 
low intensities; t he intermittency effect a lways seemed to follow 
the reciprocity law failure but to be of sma ller magnitude. 

Davis 32 (1926---27) carried out an extensive series of measure
ments on the intermittency effect, using three different' types of 
emulsions and a wide range of intensities. He obtained the 
important result that an intermittent exposure made at a suffi
ciently high intensity of illumination produces a greater effect 
than an equal-energy continuous exposure. This was the first 
t ime that th is was reported. Davis studied the intermi ttency 
effect at all parts of the exposure curve a nd showed that it might 
be positive in the toe of the curve and negative in the shoulder, 
or vice versa. 

During the period 1931- 1933, O'Brien l3 and his co-workers 
carried out a series of measurements on the intermittency effect 
and the reciproci ty law failure for photographic emulsions. 
These experiments were made with a great deal of care: The 
reciproci ty failure was measured by comparing two in termittent 
exposures, A and B, of the same ratio of light to dark period but 
of unequal intensities in the flash periods. The intermittency 
effect was t hen measured by comparing two intermittent expo
sures, B and C, of equal intensity but of different ratio of light 
to dark period. The B exposures were thus common to both 
experiments. It was found that the reciprocity law failure and 
the intermittency effect exactly compensate each other, pro
vided that the frequency of flash is above about ten flashes a 
second. Stated in another way, the reciprocity law failure and 
the intermittency effects, as measured in the a bove experiments, 
become equal in magnitude when viewed from the standpoint of 
average intensities. 

Webb 34 (1933) undertook an investigation of t he problem of 
the intermittency effect and its relationship to reciprocity law 
failure. From experiments carried out comparing continuous 
and intermittent exposures of the same average intensities, it 
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was definitely shown that t he intermittency effect is not a sepa
rate and independent phenomenon bu t is a manifestation of 
reciprocity law failure. The effect produced by a n intermittent 
exposu re always lies between those p roduced by two continuous 
exposures: one of intensity equal to that of the flash period a nd 
the other of in tensity equal to the average intensity of the com
parison intermittent exposure. Continuous and intermittent 
exposures of the same average intensity become equal in t heir 
effects when the frequency of 

fla sh of the intermittent expos- 0 
ure surpasses a certain critica l 
va lue, which depends upon the :g ~ 
intensity level. "' ___/ 

A typical curve showing the 
variation of the intermittenc.r 
effect with varying frequency 
of flash is shown in F igure FREQUENcv-

82. This cu rve represents t he Fw. 82. Intermittency ciTcct a~ a 
amount of exposu re required to function of frequency of flash. 
produce constant de nsity as a 
function of the frequency of interruption in flashes per second 
for the intermittent exposu re. T he curve rises or falls, depend
ing upon whether t he exposing intensity is above or below op
timal intensity. The relatively flat part of the curve at low 
frequencies of flash is readily understood since breaking an ex
posure into a few installments would alter the exposure dis
t,ribu tion only sligh tly from that in the original continuous 
exposu re. Gradually, howe ver, as the frequency is increased, 
t he curve r ises and approaches asym ptotically t he value, cor
respondi ng to the exposure value required for a cont inuous 
exposure, of intensit y equal to that of the average intensity 
of t he intermittent exposure. The equi valence of continuous 
and intermi ttent exposures at high frequency of flash is attrib
u ted to t he reproduction in t he intermittent exposu re of the 
haphazard nature of the exposu re of a single grai n in the con
t inuous exposure. It may be realized that an abnormally high 
frequency of flash is not essential for this purpose if it is consid
ered that the rate of incidence of quanta on a single photogra ph ic 
grain is rather moderate even in a relatively high intenl"lity 
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exposure. Theoretical investigation 3~ shows that the condition 
of equivalence of the two types of exposure results if the fre
quency of flash of the intermittent exposure is approximately 
equal to the ttverage rate of incidence of quanta on the sensitive 
area of the photographic grain. 

Accepting this a.<; a criterion of lack of distinction between a 
continuous and intermittent exposure, a value for the sensitive 
area of the photographic grain can be found from experimental 
determinatioru; of the critical frequency; this value is of the 
order of the nrea of the grain itself. 

THE CLA YDEN EFFECT 

Another effect which should be considered before leaving this 
subject is the so-called Clayden effect. If a photographic emul
sion is given a very brief exposure to light.. of extremely high 
intensity and a subsequent exposure to light of moderate inten
sity, the two exposures do not add in a simple manner. This 
effect was discovered by Clayden 36 in 18!)9 in connection with 
photographic exposures to lightning flashes. The very high 
intensity short-time exposures of the images of the lightning 
streaks were overlaid by a general exposure of much weaker 
intensity, and the images of the lightning discharges appeared 
reversed compared with the surrounding density. This effect, 
which has been observed hy many later worke•·s, is often referred 
to by the name of "black lightning." The effect can be pro
duced equally well by exposure to electric sparks.36 I t was 
thought by some of the early workers that it might be due to 
some peculiarity of the light of the electric discharge. 

In 1903, Wood 37 dem~nstrated for the first time that the 
effect could be produced by any type of light source provided 
only that the intensity of the pre-exposure was sufficiently high 
and the duration of the exposure short enough. He found that. 
1/ 1000 second was about the longest time which would pro
duce the effect and that it was much more pronounced for 
exposures of the order of 1/ 10,000 second. Wood further inves
tigated the effect of other stimuli and found that if they are 
arranged in the order of pressure marks, X rays, light shock, and 
low-intensity light , an impression of uuy one of them can be 
made to appear reversed by subsequent exposure to any other 
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in the list following i t but, under no circumstances, by exposure 
to any one preceding it. For example, pressure marks can be 
reversed by any of the other three stimuli, while X-ray images 
are reversed only by light shock and low-intensity light. 

The reversal effect obtained with X rays followed by light is 
known as the Villard effect, having been discovered by Villard 38 

in 1900. This effect has received much attention from lat.er 
experimenters 31l and is generally believed to be a special c:asc of 

6 7 6 

L.OG E (WHITE LIGHT) 

FIG. 83. Density-log CXJ)OSure curve:; obtained by vnrious amount<~ of pre
e:q>OMurc to X rays with superposed time-~culc exposures to white light. 

the Claydcn cfTe<:t. Further work on the Claydcn effect using 
ordinary light exposures ha.s been carried out by Landat1.~0 

The Clayden effect is not a reversal effect in the t rue sense 
of the word; at least, true reversal action does not necessarily 
accompany it. The feature which eharaeterizes the Clayden 
effect is that the initial exposure to the high-intensity light de
sensitizes the emulsion, so that subsequent exposure to weak
intensity light produces less effect than if the pre-exposure had 
not been given. It docs not require that t he effect produced by 
the original high-intensity exposure be reduced by the second 
exposure, although this may occur. As usually observed, the 
density resulting from the two superposed exposures is less thau 
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lha.t of the single exposure to the low-intensity light, making it 
appear that the etTcct, is a reversal. 

According t.o the inte nsity used in the pre- and after-exposures, 
a variety of conditions can be set up with regard to the resulting 
density. This is well portrayed by the curves shown in Figure 
8~~. which is taken from a paper by Volmer.39<: Different por
tions of a photographic plate were given pre-exposures of varying 
amounts t.o X rays. Then a subsequent exposure was given to 
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FIG. 84. Characteristic curve~ oht:Lincd from :L uniform spark exposure 
~ivcn hcfiJrc :uul nftcr a long:-durtttion ~tcp-wedgc C)(pusuro :1~ainst which 
t~1c density abuve fog and spark density is plotted, for intern:ll and external 
1levclopmcnt. 

a time-scale variation of weak light. It is seen that the action 
of the after-exposure to weak light may enhance, leave un
changed, or diminish the action of the original expo.•mre. The 
condition that the combined effect of both exposures is less than 
that of the after-exposure alone is the condition usually referred 
to as the Clayden effect. It may be seen from Figure 83 that 
this is only a special case of the p;eneral phenomena. attending 
the addition of high- and low-intensity exposures. 

Various workers have attempted to p;ive a t heoretical expla
nation of t he cause of the Claydcn cffcct.3u•. 4 1 One theory sup-
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poses that in the very high-intensity, short-time pre-exposure, 
the large number of sil ver atoms formed so suddenly in each 
photogra.phic grain teud to form a large number of nuclei. 1 t is 
then supposed that the action of the secondary exposure to low
intensity light coalesces these di.!:>persed nuclei into larger nuelci, 
thus reducing t he active surface of the silver nuclei for develop
ment . T his coalesc:ing action is supposed to occur by nudei 
growing into each other or by the larger nuclei "absorbing" the 
smaller ones. ~o very clear explanation has ever been given of 
how this process could occur. Lilppo-Cramer 42 attributed the 
Clayden effect to the formation of interna.J latent images when 
the intensity of t he light is very high. Kempf 43a and I<ornfeld lab 

showed that high-intensity exposures do produce internal nuclei, 
which can be developed in solutions eontaining solvents for silver 
bromide. In their study of the surface and interna l latent 
images (Chapter IV, p. tGO), Berg, .Marriage, and Stevens Hex
posed photographic materials to a combination of high- and low
intensity light sources using the crossed wedge method. T he 
high-intensity expmmre was carried out by exploding a pieee of 
fi ne tungsten wire by means of a eondenser discha rge, while t he 
low-intensity exposure was for ten seconds' durat ion to a low
intensity lamp. The exposures were first applied in the order 

,~ of high intensity followed by low intensity and then in the re
verse order. Strips of film given these two types of exposure, 
respectively, were developed for the surface and internal latent 
images, with t he results shown in Figul'e 84. A strong Clayden 
effect was obtained with sUt·face development, as shown by t he 
decreased density obt.ained if the high-intensity exposure pre
ceded t hat of lo\V intensity. On the other hand, the reverse 
effect was observed for the intermd latent-image development. 
These results arc readily understood if it is assumed that the 
high-intensity exposure, if given first, forms a large number of 
internal latent-image nuclei which act as traps for the produc·t 
of the second exposure to weak light. T he desensitization for 
t he surface latent image corresponds to a complementary sensi
tizat ion for the internal latent image. 
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CHAPTER VII 

SOLARIZATION AND THE HERSCHEL, SABA TilER, 
AND ALBERT EFFECTS 

If areas of a photographic emulsion layer are exposed to 
increasing amounts of light, the densit..ies produced after devel
opment will not increase indefinitely but will reach a limit and 
t hen, with cont inued exposure, will d iminish somewhat. T his 
is known as reversal or solarization.* Thus, after a certain degree 
of exposure has been reached, further exposure of the photo
graphic grain tends to destroy the developable state induced by 
the earlier part of the exposure. Different emulsions exhibit 

).0 4.0 5.0 
LOG EXPOSURE 

l~o. 85. The cffe<:t of development time on solarization 
(Wilsey and Pritchard). 

this effect to varying extents, and only specia lly prepared emul
sions show it strongly. lVIoreover, a clear reversal of the increase 
of density with exposure occurs only with limited development; 
if development is carried to completion, the reven;al disappears.' 
F igure 85 shows the results obtained by Wilsey a.nd Pritchard 
fr-om exposures of portrait fi lm to light. It is seen that t he 
maximum reversa l of the curve is obtained with moderate times 
of development (two or t hree minutes) and that reversal dis
tlppcars after a development of sixteen minutes. 

• T he term IJOI<rdz«lion "'"~ ori.~o:inn.lly .~o:iven to hi.~~:hly ovcr-cxpol!O .. -d l'rint.-out im~~&ea 
in which a ehMIIC or relk-etancc or the im,.gc O<....,urr~-d. producing bronzed ehudows. 
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The relation of solarizat ion to the time of development wu;; 
studied by Arens 2 in the course of his extensive investigations 
upon the phenomenon, and one of his typical results is shown 
in Figure 86. It is sccu that with four minu tes' development 
the curve shows typical solarization; after t hirty minutes, the 
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whole curve rises, and the 
most heavily exposed por
tion shows re-reversal; whi le 
after sixty minutes' develop
ment, solarization disappears. 
Arens demonstrated these ef
fects of development very 
clea rly by plotting the density 
against the logarithm of the 
time of development (Figme 
87). The curves marked n are 
for densities resulting from 
exposures in the normal ex
posure region of the charac-
teristic curve; those marked 

FIGii~~ 0~~~~~~~~~~i~~~ d(~;~~~)~lcnt s, from exposures in the so-
larized region; while that 

marked m corresponds to an exposure giving the maximum 
density for shorter t imes of development. It is clear, therefore, 
that the effect of solarization is to reduce the de velopa bility of 
the grains but that continued action of the de veloper overcomes 
the resistance of the grains and eventuall y produces metallic 
s ilver from all of the exposed grains. 

Arens a studied the relation between the mass of silver per 
unit area, the number of grains of silver produced after develop
ment, and the mass of t he individual grains throughout the 
region of solarization. T hese measurements were made for both 
chemical and physical development in the normal and solarized 
regions. He fou nd that in the case of ordinary chemical devel
opment, the optical density, the mass of the silver per unit area, 
the number of grains of developed sil ver, and the size of the 
individua l developed grains are less for solarized images than 
for normal images; that is, for the same time of development, 
the solarized grains are less developable. For physical develop-
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ment using developers containing silver ions, the loss of density 
in the .':lolarization region is due only to the smaller number of 
the grain:.;, the mass of the grains in the solarized region being 
about tho same as in the normal region. The covering power, 
that is, tho ratio of the density to the mass of the silver per unit 
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!<\G. 87. The relation of density to the time of development in the normal 
and solar ized region;; (Arens) . 

area, increases in the solarization region for chemical develop
ment and diminishes for physical development. 

Arens., also studied the actual mass of the latent-image .':lilver. 
In the region where solarization occurs very .':l trongly with physi
ca l developme nt and in the region of second reversal, he found 
that the amount nf sil ver prod.ueed by exposure and remaining 
in t he fi lm after fixation without development was greater than 
for the exposure re!!;ion where the maximum density could be 
developed. \Vith physical de velopment , therefore, solariza
tion is not due to a decrease in t he amount of latent-image 
silver. He concluded that in the solarization region the num
ber of developable nuclei diminishes compared with the re
gion of normal development but that the mass of the individual 
nuclei increases. Moreover, he found that silver solvents de
stroy the latent image with more difficulty as exposu re is 
increased. 
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Scheffers 12 showed experimentally with a physical developer 
and colloidal silver particles in suspension that the rate of growth 
in size of the particles first increases and t hen decreases, because 
the growing particles coagulate to form a coarser, less disperse, 
modification. This merely shifts the problem to that of the 

. second region of increasing density, which is in disagreement 
with this explanation of the first reversal. Arens 11 tried to 
solve the difficulty by assuming that the second region of in
creasing density does not exist and that it consists only of the 

· increase of density caused by the production of photolytic silver. 
The reality of the second region shown in the experiments of 
LU.ppo-Cramer and Stenger 18 on plates with peptized silver 
bromide gel is admitted, but this is regarded as an exceptional 
case. In 1907 LU.ppo-Cramer 19 emphasized the significance of 
the second region of increasing density. 

In an investigation of correlations between different photo
graphic characteristics in the normal and solarization regions of 
exposure, Trivelli and Jensen 20 could find no correlation between 
the sensitivity to solarization and the average grain size of their 
emulsions but did find a correlation between solarization and 
.the silver iodide content of the grains. 

Svedberg and Andersson 21 found that the larger grains solarize 
sooner than the smaller grains. This agrees with Trivelli's n 

measurements on one-grain layer plates and with the covering 
power of the silver in the solarization region determi ned by 
Ballard. On the other hand, Scheffers 12 states that the per
centage of the grains wh ich resis t development is practically 
constant in tho different size classes. Renwick and Sease z.1 

found by sedimentation analysis that the larger grains of an 
emulsion have a higher content of silver iodide than the smaller 
ones, to which their greater tendency to solarization may be 
ascribed. 

Attempts have been made to account for solarization by two 
groups of theories : (1) as a development effect or (2) as a purely 
latent-image effect: 

1. Liesegang 5 suJ?;gested that a layer of silver so surrounds 
the silver halide grain in t he overexposure region that the devel
oper is prevented from reaching it. The fact that the first 
reversal of solarization can be obtained after fixation by means 
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of physical development, as shown by Sterry,6 LUppo-Cramer/ 
and Eder,~ is in disagreement with thi..; theory. According to 
the gelatin-coagulation theory of Luther, 9 the cause of the first 
reversal of solarization is a. coagulation of the gelatin around the 
grain by the photochemically liberated halogen, which resist-s 
penetration of the developer to the grain. It is difficult on 
his hypothesis to picture how a re-reversal of solarization by 
prolonged exposure is possiLie. In addition, the theory is in 
disagreement with the fact that solarizat ion also appears in 
gelatin-free silver ha lide emulsions, such as collodion emulsions, 
and even on silver halide plates whieh are entirely free from any 
binding materia l, as shown by Schaum and Braun.10 

2. The theories which ascribe solarization to the effect of pro
longed exposure upon the latent image itself may be divided into 
those which consider the effect to be due to a coagulation of the 
image and those which ascribe it to its destructio;l. 

The coagulation effect is supposed to tnke place as follows: 
Upon exposure, finely divided silver is produced at the surface 
of the grain, which is active and is the ~ubstance of the normal 
latent image. Upon further exposure, the silver becomes more 
compaet by coagulation and loses its catalytic properties. 

In favor of this theory is the fact that in the region of solari
zation the total amount of photochemically formed silver does 
not decrease but increases in proportion to the total amount of 
exposure. This was shown by Eggert and Noddack,n Schcffers,12 

and Tollcrt,13 as well as by Arcns.4 

Li.ippo-Cramer states, however, that the total amount of pho
tochemically formed silver is not so important to solarization :1s 
the distribut ion of this silver over and in the silver halide grain. 
LUppo-Cramer 14 and Silberstein 1" consider that agglomeration 
~Should increase the rate of development, and the observations of 
F. C. Toy and of R. P. Loveland and A. P. H. Trivelli agree 
with this. Slater Price 16 docs not regard this evidence sufficient 
against the coagulation theory, since the observations may be 
explained by assuming that amierons of insufficient size to act 
as nuclei agglomerate to huger particles. 

On the whole, the idea that solarization is due to a coagulation 
of the latent image docs not seem to have sufficient proof. 
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The possible destruction of the lat.ent image with continued 
exposure has been discussed by many workers. According to 
the accepted theory, exposure produces a deposit of silver on 
pre-existing sensitivity specks on the surface of the silver halide 
grains of a size that initiates development. It is obvious tlu\t 
solarization, being a diminishing of the developability of the 
speck, could be a!Scribed to a decrease of the size of the speck by 
prolonged exposure. This led to a dispersion theory of the 
latent image in the solarization region. That light is able to 
disperse metals was shown by Svedberg, but this metal was 
dispersed in a liquid, which is different from dispersing particles 
adsorbed on a silver halide crystal surface surrounded by solid 
gelatin; on the other hand there arc well-established evidences 
for the coagulation of particles by the action of light. 

Renwick 2~ suggests that solarization may be due to a pcp
tizing act ion on the latent image 

.. on the part of the later formed chemical products of light 
action (bromine, hydrobromic aeid, ck.) with formation of a photo
halide relatively rieh in dissolved silver, but almost undevelopable." 

Clark's::;. comment on this is : 

"Although there is not yet much evidence in support of this 
expla nation, it i~ d ear that the presence of the t>ilver halide, together 
with the latent; image, is necessar y for reversal to occur." 

It seems probable that sola rization is clue to the action on the 
la tent image itself of bromine liberated by continued photo
chemical decomposition of the silver bromide. LUppo-Cramer, 
long before anybody else, urged that sola rization should be ex
plained as a regression. He believed that the ha logen is liber
a ted within t he grain and diffuses through the silver bromide 
crystals to the surface, whem it reunites with free silver. In 
this way, it would be possible for the total amount of photo
chemically formed silver in the grain to increase continually; 
and, at the same time, the silver particles on the surface of the 
grain might clccrcasc in size, diminishing the dcvelopability. 

According to present ideas as to the formation of the latent 
image (Chapter IV, p. 184), the absorption of light in the photo
graphic grain causes ejection of an electron from the energy band 
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belonging to the bromine ions of the crystal into the conduction 
band. This process leaves one uncharged bromine atom in the 
cryst.al. Though bromine atoms themselves cannot diffuse 
through the silver halide lattice, ncvct·thcless the position of the 
bromine atom formed in this way must not be regarded as fixed. 
This is because the vacancy left by the ejecterl electron can be 
shifted. A bromine atom may pick up an electron from an adja
cent ion, thereby effectively shifting the position of the bromine 
atom by one lattice point. By repetition of this process, it is 
possible for a bromine atom formed at one point of t he crystal 
to give rise to a bromine atom at another point in the crystal 
without the original atom moving at all. By this process, bro
mine atoms formed at interior points of the photographic gra.in 
can transfer to the grain surface, where they are released. This 
release of bromine atoms prevents any accumulation of negative 
charges at the surfaee. Since the releuse of electrons by Light 
action takes place throughout the grain, the concentration of the 
latent image at the surface should increase the negative surface 
charge, but t his is compensated by the transfer of the charge to 
the bromine atoms in the interior of the grain with a release of 
bromine at the surface. 

As long as the exposure is low, the amount of bromine liber
ated over the grain surface in this way remains small, and the 
surrounding gelatin medium is an adequately good halogen ac
ceptor to take up all the bromine set free. With high exposures, 
however, the situ:ttion is different: Large amount-s of bromine 
may be liberated, and if the exposure takes place in a short 
time, high concentrations of bromine m:ty result in the region 
immediately surrounding the grain surface. Under these con
ditions, it seems probable that bromine would attack the latent
image specks a.nd form a protective layer of silver ha lide on their 
outer surfaces. The latent-image silver specks would become 
inaccessible to the developer and the grain thereby be rendered 
less developable. 

The rebromination theory of solarization supposes that bro
mine attacks only tlutt silver formed near the grain surface and 
not t hat formed deeper in the grain. Thus, in the solarizing 
region of exposure, photolytic silver can continue to be formed 
under the surface. 
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A number of experiments immediately suggest themselves for 
testing the rebromination theory of sola1·ization. If exposures 
are made at different temperatures, the rate of chemical reaction 
of bromine and gelatin as well as bet\vetm bromine and silver 
should be altered, thereby giving rise to observable effccls. The 
addition of bromine acceptors to an emubion should alter its 
solarization characteristics. A change in the intensity level at 
which exposures are made would result in different concentra
tions of bromine around the grain during exposure and should 
accordingly affect the degree of sola rization. Further, if solari
zation arises from a coating of silver halide on the surface of the 
latent-image specks, in accord with the theory outlined, it should 
be possible by short treatments with silver ha lide solvents to 
render the latent-image sil ver specks available again for develop
ment and thus diminish solarization. The above experiments 
relate to the ordinary chemical type of development. If solari
zation results from rebromination of the latent-image si lver, 
it should occur also with pre-fixation phyl:l ical development. 
Experiments of the type referred to above ha vc been carried 
out, and some have been repeated many times by different 
investigators. 

In a study by " 'ebb and Evans,26 a series of expo~ures was made 
with the emulsion maintained at temperatures wh ich ranged 
from 58° C. to -1913° C. The results arc shown in Figure 88. 
It is seen that below room temperature, the first effect is a lower
ing of the maximum density value. As t he temperature drops 
below -73° C., this maximum shifts toward hi~her exposure 
values. Both of these effects continue until a temperatu re of 
about -100° C. is reached. Below - 100° C., the curve rises 
again and the solarization decreases. At -106° C., a full nega
tive characteristic curve is obtained, with no solarization. T hus, 
lowering the temperature sufficientl y (to -196° C.) eliminates 
solarization. The great drop with temperature of the negative 
side of the characteristic curve, as shown by the fa ll in maximum 
density, must be attributed in part to the effect of lower tem
perature on the regular latent-imap;e process through lowering 
of the sil ver-ion conductivity of the sil ver halide gra in. How
ever, the very large magnitude of th is drop over the range of 
25° C. to =- woo C. makes it appear probable that part of it 
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may be due to increase of solarization and a shift of solarizing 
action to the region of the negative side of the curve. 

>.... 

4.o.------.------.--------, 

-196"C 

~ z.o,F=~==,----Hr-----+-----l 

~ 

1.6 3.6 
LOG It 

FIG. 88. The effect of temperature upon !!obrization. 

The increase of solarization with lowered temperature may be 
readily unde_rstood on the basis of the rehromination theory. 
If it is as.'Sumed t hat during exposure gelatin acts as an acceptor 
for photochemiclllly released bromiue, lowering the temperature 
would decrease the reactivity of the gelatin for the bromine, 
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and a higher concentration of bromine around the grain would 
be available to attack the latent-image silver specks. Evidence 
to support this view is found in experiments on emulsions to 
which bromine acceptors were deliberately added. At room 
temperature, these emulsions shO\ved no solarization; but if the 
temperature \Vas lmvered, solarization appeared. On lowering 
the temperature further, hmvever, solarization disappeared, 
which presumably must be attributed to a lessened reactivity of 
bromine with the latent-image silver. 

The effect of exposure at - 196° C. is remarkable not only 
because of the absence of solarization but because such high 
densities can be obtained at this temperature. The densities 
obtained show that practically all the grains of the emulsion 
have been rendered developable. According to the Gurney
Matt 27 theory of latent-image formation, based on the trapping 
of electrons at the sensitivity specks followed by silver-ion con
duction, it is difficult to understand how this action can take 
place at such extremely low temperatures. A satisfactory ex
planation seems to be that given by Berg; 28 namely, that at low 
temperatures the photographic grain can store up electrons in 
shallow traps throughout the crystal, and these electrons can be 
liberated when the temperature of the emulsion is raised for 
development, permitting the latent-image formation to be com
pleted at a temperature higher than that at which the exposure 
was made. That the silver halide grain can store up electrons 
at low temperatures in the manner outlined is confirmed by 
observations on large single crystals of silver halide at low tem
perature. Below -100° C ., it is found that illumination of 
these crystals changes them from insulators into semiconductors. 
This means that electrons are stored in energy levels so closely 
below the conduction band of the crystal that moderate electric 
fields suffice to eject them into the conduction band, where they 
become available for movement through the crystal. If this 
view is correct, the absence of solarization at extremely low 
temperatures may be due to no silver being actually formed 
du ring the exposure period , when the bromine is being freed. 
Thus, the bromine liberated combines with gelatin or diffuses 
away. If t he emulsion is warmed , the latent-image silver forms 
after the bulk of the photochemically liberated bromine has 
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escaped. T he rather sudden change in the characteristic curve 
in the region of -100° C. supports t his explanation. Whether 
the absence of sola rization at low temperature is due to the non
reactivity of bromine and silver at low temperature or to the 
fact that silver is not formed and, therefore, is not available for 
a ttack by the bromiue at the low temperature is not impor
tant for the present discussion. Either mechanism or a combi
nation of them accords with the general rebromination theory of 
solarization. 

Webb and Evans made an analysis of the large and small 
grains of the emulsion used in their experiments. They found, 
after fractionation by centrifuging, that the largest grains (2 per 
cent of the total) had t he same silver halide content, in terms 
of iodide, bromide, and chloride, as the smallest (2 per cent of 
the total). This eliminates interpretations based upon chemical 
differences in t he halide content of the grains as a function of 
grain size. 

Li.ippo-Cramer 29 showed that a solarized exposed silver halide 
plate after treatment with potassium iodide solution develops 
rapidly without a trace of solarization. Potassium iodide breaks 
up the grain crystal into smaller particles by forming silver iodide 
from silver bromide and would expose developable specks to the 
developer. (This he termed Keimblosslegung.) If a solarized 
latent image is at the surface of the grain, a normal latent image 
may be under the surface (Chapter VIII~ p. 315). 

In addit ion to iodide, silver halide solvents destroy the solari
zation effect if the emulsion is t reated with them after exposure 
and before development.26•30 Thus, in Figure 89 are shown the 
curves obtained by treatment of a solarized image wit.h water 
and with a solution containing 16 grams of thiosulfate per lit.er, 
the treatment being continued in one case for thirty seconds 
and in the ot her for four minutes. Even after one minute's 
exposure to daylight, the thiosulfate solution greatly reduces the 
solarization of the emulsion. It is concluded that the dilute 
thiosulfate solut ion removes the protective coating of silver bro
mide formed on the surfaces of some of the development centers 
produced during the earlier stages of exposure. These centers 
are, thus, again made accessible to the developer. Treatment 
prolonged enough to make a ll the gra ins developable once more 
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dissolves so much of the silver bromide of the original grains 
that the maximum density is redueed. In their work on the 
surface and internal latent images, Berg, Marriage, and Stevens 31 

(p. 109) found that no solarization was obtained if the treatment 
was such that the internal latent image was developed. Sensi
tometric strips were given a very long range of exposures and 
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Fw. 89. Hesult obtained by treatment of a solarized image with 
thiosulfate solution. 

3.0 

then developed with (a) surface developers and (b) developers 
containing silver solvents, before and after treatment with bleach
ing solutions to destroy the su rface latent image. The result 
shown in Figure 90 is that which would be expected if solarization 
is due to the rebromination of the latent image by free bromine. 

A delay or complete destruction of the solarization effect is 
produced by the addition of substances which readily accept 
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halogens. Abney 3~ observed that the incorporation of reducing 
agents in the emulsion postponed solarization, and the observa
tion ha.s often been confirmed. 33 The matter was studied by 
Webb and Evans, whose results are shown in Figure 91. It is 
seen that a semicarbazide sa lt diminishes solarization, while 
acetone semicarhazone destroys it, and p-hydroxyphenylglycine * 
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FIG. 90. The solarization of Hurf:u;c developers :uul those contai n in~ sil ver 
solvents before and after treatment with bleaching solutions. 

is almost completely effective in inhibiting solarization. While 
the semica rbazide hyd rochloride was not very effective at 25° C., 
it became so at 58° C. These results may be explained as 
follows: At 25° C., the bromine acceptors acetone semica rbazone 
and glycin , if incorporated in the emulsion, have sufficient ac
ceptor action to prevent photolytic bromine from reaching and 
combining with the sil ver of the development centers. Accord
ing to this point of view, the beginning of solarization seen at 
the high-exposure end of the curve for the emulsion treated with 
glycin is to be attributed to the exhaustion of the glycin by 
combination with bromine. Photolytic bromine fo rmed there
nfter would be available for rebromination of latent-image sil ver. 
Semicarbazide, on the other hand, appears to be a less efficient 
bromine acceptor at 25° C. than the other compounds. If the 
emulsion containing it is warmed to 58° C., however, solarization 

• Tho dovcloping ng<'nt known to photogrnphor~ a~~ ulucin. 
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disappears, indicating an increase in the rate of reaction of the 
bromine. 

If solarization is caused by rebromination of the latent image 
by halogen li berated during overexposure, exposures made at 
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l"w. 91. The effect of halogen acceptors on solarization. 
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different intensity levels should show different degrees of solari
zation. The reasoning here is that if an exposure were made at 
high intensity, the bromine would reach a higher concentration 
immediately surrounding the grain than if the exposure were 
made at a low intensity. To test the foregoing hypothesis, 
solarizing exposures were made by Webb and Evans at two 
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Fw. 92. The effect of the light intensity on solnriz:ltion. 

intensity levels in the ratio 1 : 400. The high-intensity expo
sure was made with the lamp at 0.6 meter, t = 30 seconds. The 
times of the exposures were varied reciprocally so that the total 
exposure in the two cases remained the same. The results are 
shown in F igure 92, which illustrates that much greater expo
sures are required to produce the same degree of solarization 
with the low-intensity exposure than with t he high-intensity 
exposure. There is a shift in the negative side of the curve 
which may be attributed to reciprocity Jaw failure. Ho\~evcr, 



27 6 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

in spite of this, the shift in the solarized part of the curve has 
changed by an amount greater in logarithmic units by 0.5. 
Thus, it appears that the shift in the solarization region with 
lowered intensity is in the direction to be expected on the basis 
of the rebromination theory. 

As stated above, different emulsions vary greatly in the extent 
to which they show solarization, and up to the present no expla
nation of this variation has been given. Methods for preparing 
emulsions which show great solarization have been published in 
the papers by Arens ~u.M and a lso in va rious patents. Arens 
showed that if an emulsion is prepared with an excess of silver 
a nd is then peptized with potassium bromide, it will show very 
little solarization immediately, bu t if it is digested with an 
excess of potassium bromide, it will show very strong solariza
tion; and this process is irreversible since treatment with silver 
nitrate after digest ion with excess of bromide does not destroy 
the tendency to solarization. Bromine ions in the emulsion 
increase solarization provided they are present during the expo
sure, and the effect of nitrite, for instance, in decreasing solariza
tion can be reversed by the addition of free bromide. In general, 
'Arens found that a n emulsion prepared with an excess of silver 
(and, of course, afterward adjusted by the addition of potassium 
bromide) solarizes less t han one in which bromide has been 
present in excess throughout precipitation. A lower minimum 
density is obtained in the excess of potassium bromide during 
precipitation, and digestion is increased. Arens could find no 
definite relation between the distribution of the grain sizes and 
solarization. Ripening with ammonia greatly increases solari
zation. It may be said in general, therefore, tha t emulsions 
which tend to solarize are t hose prepared by continued digestion 
with excess of potassium bromide and, particularly, in the pres
ence of ammonia . 

There exist materials on which direct positives can be ob
tained by simple exposure and development, by their solariza
tion. In some of these, a n emulsion is used which, before 
coating, is fogged either chemicall y or by rad iation to a point 
which corresponds with t he maximum density of the reversa l 
curve.86 ln others, easy solarization is obtained by t.he addit ion 
of a sensitizing dye and a reducing agent to an ordinary negative 
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cmulsion. 81 Direct positive emulsions made by this procedure 
differ from those prepared by fogging in that both negative and 
positive characteristics are shown by the emulsion. The mecha
nism of the reversal process for emulsions of this sort may be 
different from that of the prefogged type. The maximum den
sity and speed are controlled both by the quant ity and type of 
dye added and by the quantity of reducing agent. As the 
maximum density is increased by adding reducing agent, pos
sible destruction of the latent image by oxidation is indicated. 

THE HERSCHEL EFFECT 

If an emulsion which has been exposed to blue light is subse
quently exposed to long-wave radiation before it is developed, 
some of the effect of the original exposure is erased. In other 
words, the red ligh t is capable of destroying to some extent the 
latent image formed by blue light. This is known as the H erschel 
effect since observations of a similar kind were made by Sir John 
Herschel in 1839.3" Herschel, however, experimented on an 
appropriate paper and found that the visible image was de
stroyed. .Moreover, this occurred in the presence of excess of 
potassium iodide. Herschel is quoted by Abney: ~ 2 

"A paper endowed with a pretty high degree of sensibility may 
also be prepared with the fo llowing triple solution, viz.: 1st, acetate 
of lead; 2nd, hydriodate of potas h; 3rd, ni tmte of silver. 
If paper so prepared and darkened in the sun be washed over with 
a fresh dose of hydriodate, the exposure to sunshine being sustained, 
it whitens with great rapidity; and were it practicable (which I have 
not found it) to ensure precisely the same ingredient-proportions, 
and the same degree of blackening in the sun to start from, I should 
not hesitate to propose this as an excellent process for a pos itive 
photographic paper." 

Abney points out that the exposure to light of sil ver iodide in 
the presence. of silver nitrate liberates iodine and that this iodine 
would bleach the si lver produced by the original exposure. The 
effect actua lly observed by Herschel, therefore, may have a 
simple explanation. 

Abney himself ~6 found that if collodion emulsions of silver 
bromide or si lver iodide are exposed to light, then treated with 
oxidizing agents, such as potassium bichromate, nitric acid, per-
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manganate, or hydrogen peroxide, and then exposed to the 
spectrum, the image will be destroyed from the beginning of the 
red \Veil into the infrared portion of t·he spectrum. He con
sidered that this represents an acceleration of oxidation by red 
light. 

In 1002, Liippo-Cramer 37 published a paper in which he ex
pl·essed doubt that the destruction of a latent image by light 
of long wave lengths actually occurs on ordinary dry plates, and 
this was generally believed by other workers at that time, prob
ably because the plates made then did not show the effect to 
any marked extent. Many photographic materials show the 
Herschel effect to only a small extent. 

Millochau,38 however, photographed the infrared spectrum of 
the sun by the use of t he reversal effect, and after th is there 
remained no doubt as to its existence. He assu med (without 
adequate proof) that t he pre-exposure penetrated into the depth 
of the emulsion, while the infrared after-exposure was active 
only in the surface. He therefore treated his emulsions with 
dyes which absorbed the actin ic part of the spectrum and trans
mitted the infrared. Malach ite green was especially effective. 
In this way, he obtained exposures up to the limit of t ransmis
sion of his apparatus, about 800 m~. 

In HHO, Volmer 39 found a reversal of density without the 
use of dyes. He established that the plate is again sensitive to 
short wave length light after reversal by infrared light, a nd that 
solarized places on the plate can be blackened by infrared light. 
In further work by Volmer and Schaum 40 and Schaum and 
Langcrhanness,41 attempts were made to show the relationship 
between the Herschel and other photographic reversal effects, 
such as the Clayden and Villard effects. 

[n 1923, Terenin 42 published the results of experiments carried 
out in much the same way as those by Millochau. He used 
dyes in much lower concentrations and recognized that the re
sults could not be explained merely by filter action protecting 
the emulsion from blue light. The triphenylmethane dyes
iodine green, malachite green, and brilliant green- were the 
most satisfactory. The long wave length limit of the reversal 
effect was uninfluenced by the dye but the short wave length 
limit varied. 
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Arens 43 in 1925 confirmed the observation of LUppo-Cramer 
that the reversal effect by long-wave radiation is dependent 
upon the presence of po tassium bromide. Arens assumed that 
the Herschel effect is due to an oxidation of the silver nuclei by 
bromine controlled by the concentration of bromide ion~. 

In 1926, Leszynski 44 made a n extensive study of the Herschel 
effect and pointed out that much of the previous work was 
inaccurate because the ligltt used in making the infrared exposure 
contained a certain amount of actinic light. Using a combina
t ion of fil ter, light somce, and emulsion such that in the longest 
infrared exposures there was no forward action, he found that 
infrared exposure causes a reversa l of the density produced by 
light, X rays, alpha mys, or hydrogen peroxide, for both ordinary 
chemical development and post-fixation p hysical de velopment. 
No reversal \Va.s found in the direct prin t-out effect with the 
pure silver bromide emulsion used by Leszynski. The magni
tude of the reversal effect was independent of the wave length 
of t he pre-exposing actinic light and-for equal energy- inde
pendent of t he intensity of t he infrared exposure for variations 
of in tensity over t he range 75 : 1. However, the Herschel effeet 
was found to vary with t he intensity of t he pre-exposure, the 
reversal effect decreasing with lower intensity level. Leszyni-iki 
came to the conclusion that the oxidation theory of the Herschel 
effect is doubtful. Th'l experiments of Llippo-Cramer ~" in which 
reversal occurred in the presence of sodium nitrite also offer 
evidence against it. 

As a n alternative to the oxidation theory of the Herschel 
effect, Leszynski pu t forward a hypothesis based on a redistribu
tion of, or dispersion action on, the latent-image silver nuclei 
by the infrared· exposure. According to this v iew, the amount 
of silver contained in the nuclei remains constant during the 
infrared exposure, but a redistribution takes place. Leszynski 
suggested that t his action could t ake place by the ejection of 
electrons from silver atoms lying on the surface of nuclei and 
their removal to distant silver ions to form silver atoms in a 
new position . This physical dispersion theory of the Herschel 
effect has received support from other workers on the subject. 
Tollert 13 in a study of the action of red light on photolytically 
formed silver found t hat infrared exposure p roduced no measur-
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able a lteration of the amount of silver, from which he concluded 
that the Herschel effect is to be viewed as an a lteration in struc
ture, probably a dispersion, of the btent-imagc silver. Tollert 
compared the energy of the blue radiation, which produces a 
definite developable density, with the amount of energy in the 
infrared which reverses this density. He found that the action 
of 109± 1 quanta of red radiation is required to undo the aetion 
of one quantum of blue radiation. 

T rivelli ·'6 in ltl29 carried out a quantitative investigation of 
the Herschel effect to determine the innuence of the amount of 
exposure both to blue light and to infra.rcd. He found that the 
Herschel effect, expressed as the ratio of the reversed density 
to the initia l density, reaches a maximum at some intermediate 
value of pre-exposure. Also, the t ime of development influences 
the amount of the Herschel effect to a small extent. T rivclli 
concluded that all materials which desensitize for the lat-ent
image proces8 sensitize for the Herschel effect. 

I n further work, T rivelli and Hall 47 attempted to establish a 
connection between the Herschel effect and the redprocity law 
failure. By applying the same infrared after-exposure to the 
Ia" tent image formed by pre-exposure, using three different inten
sities, varying amounts of reversal were obtained. Contrary to 
the results obtained by Leszynski, strong Herschel effects were 
observed if very weak intensities were employed in t he pre
exposure to blue light. A result of further interest is that the 
maximum Herschel effect shifts to lower densities as the inten
sity of the pre-exposure is lowered. 

Carroll ·•8 showed that, in the presence of desensitizing dyes, 
reversal might occur throughout the visible spectrum or even 
into the ultraviolet, as well as in the red or infrared. His spec
tmgrams indicate that the region of reversal is related to the 
absorpt ion of the dye. Narbutt 49 in 1930 also obtained reversal 
with short wave length radiation. If the view udvanced by 
Lcszynski t hat the Herschel effect is due to a dispersion of the 
latent-image nuclei by the act ion of the secondary exposure is 
correct, t he logical conclusion is that the short wave length 
light can disperse the silver nuclei of the latent image just as 
t he long wave length light can. The reason that the short wave 
lengths do not have a reversing action on untreated plates is 
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t hat the forward action of these rays on the plate far outweighs 
their reversing action. 

Mauz (,(1 found, in agreement with Carroll and Narbutt, that 
reversal could be obtained by short wave length radiation on 
p lates which had been desensitized with dyes (Chapter XXIV, 
p. 1040). .Ma.u:r. worked with pinakryp tol yellow, pinakryptol 
green, fuchsin, and phcnosafranin. With all of these, he found 
an enhanced reversal effect in the red and infrared regions where 
the ordinary Herschel effect is observed. In addit ion, he found 
reversal to some extent at a ll wave lengths throughout the visible 
spectrum and an especially strong reversal band in the blue 
region, with a maximum at about 420 m,u. .Mauz fai led to corre
late the spectral sensitivity of the reversal effect with the spectral 
absorption of the desensitizing dyes. 

Cnrroll and Kretchman "1 in 1933 carried out a series of experi
ments on photographic reversal and desensitizing dyes. They 
studied the relationship between the spectral sensitivity of the 
reversal effects and the spectra l absorpt ion of the dyes. How
ever, instead of measuring the absorption curve of the dyes in 
solut ion, they determined the absorption curve of the dyes ad
sorbed to the silver ha lide surface and compRred t his with t he 
density curve of the reversal effects. In this way, they were 
able to show a correlat ion between reversal and absorption of 
energy. At least in the region of the maximum dye absorption, 
a band of strong reversal was found in a ll cases. The desensi
t izing dye did not appear to increase the original Herschel effect 
of t he unt reated plate but added to it the effect of reversal in 
other regions. In agreement with Mauz' work, these workers 
found a strong reversal band in the blue region of the spectrum 
and a maximum at about 420 m,u corresponding to the absorption 
of t he silver halide. They concluded that these experiments sup
ported the oxidation theory of the reversal by desensitizing dyes. 

Blau ~2 provided further evidence that oxidation is the major 
process in reversal with desensitizers. When the second expo
sure was carried out at 6 em. pressure, reversal in pla tes t reated 
with pinakryptol yellow was almost eliminated . Similarly, in 
plates treated with capri blue, reversa l in red light was replaeed 
by sensitization if the oxygen pressure was reduced. Control 
experiments showed that vacuum docs not have any effect on 
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norma l image fo rmation. On the other han d, t he presence of 
oxygen in the absence of desensitizers does not seem to affect 
the Herschel effect. This was carefully tested by Thurston and 
B l a ir,~~ who found no measurable difference between air, hydro- ' 
gen, a nd oxygen when using motion-picture positive film, bro
mide paper, and chloride paper. 

The chief evidence in favor of t he oxidation theory is derived 
from experiments m~i ng dyes and other materia ls, such as bro
mide, which act as desensitizers for the production of t he latent 
image and enhance the Herschel effect. It has been argued , 
however, that the ac tion of desensitizers is to stop the for~\'ard 
actio n and thus enha nce the effect of the after-exposure to red 
light. Undoubtedly, some of t he action of desensitizing mate
ria ls on t he true Herschel effect in the red end of the spectrum 
can be accounted for in this way. HoWever, it seems doubtful 
if the part played by the desensitizer on the reversal effects 
obtained in the visible parts of the spectrum can be so explained. 
The work by Carroll and Kretchman, which shows a strong 
reversal band agreeing in wave length with the absorpt ion band 
of the dyes adsorbed to t he sil ver halide, indicates that the 
desensitizing dyes have a primary role in the reversal action. 
However, since t hese workers found a reversal effect also in the 
infrared and other pa rts of t he spectrum where no absorpt ion 
by the dye exists, it appears t hat two types of reversal phe
nomena may take place, one of which is due to an oxidation 
process conditioned primarily by the light absorption of the 
desen::;itizing dye and the ot her, a reversal effect due to a direct 
action of the light on the latent-image nuclei. The latter re
versal effect would normally be aided by the usc of desensiti zers 
in that any forward action in the second exposure would be 
eliminated. 

In view of the above discussion, it appears best to assume that 
the action of desensitizing dyes is a complicating factor in the 
Herschel effect a nd that it is by no means certain, from the 
experiments that have been carried out., that the reversal effect 
obtained with such dyes is identica l with that obtained wit h red 
light , ordinarily referred to as t he Herschel effect. In the re
mainder of this discussion, t he Herschel effect wi ll be treated as 
consisting merely of reversal which takes place under t he action 
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of red or infrared light. The experiments with desensitizing; 
dyes have been described because they are so intimately bound 
up with the study of the Herschel effect. 

Some very important results on t he l·lersehel effect have been 
obtained through the work of Urbach and Wolinski ~·~ in lB;JS, 
in -..vhich blue a nd infrared light exposures were given iiimul
taneously. The reversal effect obtained by the simul taneous 
action of infrared and blue light was first studied by Liippo
Cramer,55 who ca lled it the" intermedia te Herschel effect." By 
a quantitative study of the action of infrared and blue light 'vith 
exposures applied simu!Laneously and successively, Urbach and 
Wolinski showed that if the infrared exposure was applied simul
taneously with the blue light, it produced a greater effect than 
if applied successively. They considered tha.t this is due to a 
delay in the stabilization of the latent image and tha t if the 
infrared dispersing exposure is a pplied to the latent image before 
it is stabilized, it is much more readily destroyed than if the 
exposure is applied later. This view was supported by further 
experiments in which the time between the pre-exposure to blue 
light and the subsequent infrared exposure \Vfl.S varied. It was 
found that the reversal action is lessened with increasing; time 
between the two exposures. These results are in accord with 
the view that the Herschel effect is due to a dispersing action, 
a..'-l outlined by Leszynski, and that the silver nuclei can be 
broken up more readily during their formation while they are 
still unstabilized. 

Studies of the spectral distribu t ion of the Herschel effect have 
been carried out by Gorokhovsk ii and Shesta.kotT 06 a nd by 
Bartelt and Klug. ~7 Gorokhovskii and Shestakoff studied the 
spectral distribution of the Herschel effect as a function of the 
density, Do, produced by t he pre-exposure to blue light and 
found tha t the wave length which at small Do produces a forward 
action may at higher values of Do destroy densi ty . With an 
increase of D0 , the Herschel effect was found to increase and lhe 
maximum of the activity as a func t ion of wa ve length to shift 
toward shorter wave length. These workers found that desensi
tizing with potassium hromide causes a uniform reduc tion of 
emulsion sensitivity over the entire speetrum and, at the same 
time, a sharp increase of the Herschel effect in the red with a 
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shift of the maximum toward shorter wave length. They postu~ 
lated that in exposure to red light there are two processes : a 
forward action consisting of formation of la tent image and a 
re versa l action bringing a bout destruction of the latent image. 
They th us attribu te the increase of the Herschel effect to a sup
pression of the forward component of the red-light exposure. 
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FIG. 93. The Herschel effect :ts a function of the wave length of the 
reversing radiation. 

The Herschel effect as a func tion of wave length of the re
versing radiation is shown in Figure 93, from the work by 
Bartelt a nd J< lug. These curves show the decrease in density 
resulting from the red-light exposure, and the different curves 
A, B, C, D correspond to increasing amoun ts of red-light expo
sure. An important feature is the shift of t he maximum of the 
Herschel effect toward longer wave lengt hs with increasing red
light exposure. If the dispersion theory of the Herschel effect 
is correct, t his indicates that t he more dispersed the latent-image 
nuclei a nd, therefore, the smaller they are, the less energy is 
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required to break them up further. This is in qualitative agree
ment with the results of Gorokhovskii and Shestakoff, who found 
that with inerea.sing values of pre-exposure density (larger latent
image nuclei), the maximum of the Herschel effect shifts toward 
shorter wave lengt hs. From these results, the indicn,tions arc 
that the wave length of the 
reversing radia.tion varies 
inversely with the size of 
the latent-image nuclei. ! UJSUI' ' ... : . ' ' 
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Important information 
relative to the nature of 
the Herschel effeet has 
been obtained by studies 
earried out on large sin
gle crystals of silver halide. 
It is well known that the 
silver halides develop a Fro. 9tro~~~~ca~~~r~~to:n~a;~I~I).f silver 
coloration when exposed 
to light a bsorbed in their characteristie absorption bands. Hil.':lch 
and Pohl ~s found that the coloration in large single crystals of sil 
ver bromide is due to an induced absorption band with its maxi
mum at 700 IDJL. In Figure 94 are given curves from Hilseh and 
Pohl's paper showing this induced absorption band b, and the 
characteristic absorption band of silver bromide a'. The curve a 
corresponds to curve a' multiplied by a factor 106 to put it on the 
same scale a.s curve b. In their studies of this absorption band, 
J-lil sch and Pohl kept the concentration of photo-product at about 
the same level as in the normally exposed photographic emulsion. 
They found that if a crystal previously colored by exposure to 
light is exposed to longer ·wave length light falling wit hin the in
duced absorption band, this band is bleached, and preferentially 
so in the wave length region of t he bleaching light. Hilsch and 
Pohl suggest that the induced absorption band produced by the 
short \Vave length radiation correl'iponds to the latent photogra
phic image and that the bleaching of t his band by long wave length 
lig"l-1t corresponds to the Herschel effect in the photographic case. 
The great width of the induced absorption band in single crysta ls 
and its nondependence upon temperature were interpreted to 
mean that it arises from colloidal particles of silver of a great 
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variety of s~zes, each particle size having its own absorption 
band. It appears that this is substantially correct, but the 
mechanism by which light is absorbed by the particles leading 
to their destruct ion is still not understood. It has been sug
gested that it takes place through absorption of t he classical 
resonance type by the metallic particles. For the larger col
loidal particles of silver dispersed in silver bromide and silver 
chloride, there is evidence ''9 that this is probably correct, but 
for pa rticles of the size of the lutent-image specks, the theory of 
resonance absorption does not fit the observed facts . This is 
discussed by Berg,60 who points out that the dimensions of the 
la tent-image specks are such that they could not possibly reso
nate with light of the wave length absorbed. 

A more likely explanation of the absorption by silver specks 
of latcnt-ima.ge size is that proposed by Gurney :md .:vlott.61 

They a ttribute the absorption of long wave length light to the 
photoelectric ejection of electrons from the silver into surround
ing silver bromide. To account for the destruction of the speck 
in the Herschel effect, it is assumed that a positive silver ion is 
pushed after the elect.rnn by the positive eharge lert on the speck. 
The fact that the photoelectric effect would be little influenced 
by temperature would account for the nondependence of the 
posit ion of the absorption band upon tcmpcm.ture. To account 
for the breadth of the absorption band, it must be assumed 
that the energy required to eject electrons from a. small metallic 
speck is :\ function of the size and shape of the speck. H is not 
unreasonable that tbis is the ca.se with these small particles. 
The results of Gorokhovskii and Shestt'tkoiT and of Bartelt and 
Klug, which indicate that the wave length of the reversing radia
tion varies inversely with the size of the latent-image nuclei, 
support this view. If the absorption process consists of an 
internal phot.oeleetrie effed, i.e., the ejection of an electron from 
the conduction band of the silver into the silver bromide, it is 
readily conceiv:tble that the energ;y required might be smaller, 
the smaller the number of atoms in the silver speck. 

Further experimental evidence z~.Gz which seems to support 
the foregoing explanation of the H erschel effect has been ob
tained by measurements under varied tempemture conditions. 
Some of these experimental results arc shown in F1gurc 95. The 



SOLARIZA liON 287 

straight horizontal line represents the density obtained on an 
emulsion by a primary flash exposure to white light . The points 
indicated with circles represent the density values obtained from 
a subsequent exposure to infrared light superposed on the pri
ma-ry exposure. The abscissa values are the logarithms of the 
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F ro. 95. The effect of temperature on the Herschel effect. 

exposure to the infrared light. The curves of Figure 95a show 
the normal Herschel effect where both white-light and infrared 
exposures were made a t room temperature (20° C.) . In Figure 
95b, the white-light exposure was made at 20° C., and the infrared 
exposure was made after the emulsion was cooled to -186° C. 
No Herschel effect was obtained under these conditions. Fig
ure 95c shows t he results of an experiment in which the white
light exposure was made at -186° C. and the infrared exposure 
after the emulsion was wa.nned to 20° C. The Herschel effect 
was obtained aga.in in this case. Figure 95d shows the results 
of two experim-ents. I n each, both exposures were made at 
- 186° C. However, in t he one case the emulsion was warmed 
to 20° C. between the primary white exposure and the infra
red exposure, while in t he other the emulsion was maintained 
a t - 18Go C. between exposures. It is seen that if the emulsion 
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was not warmed between exposures, a la rge Herschel effect was 
obtained, while if the emulsion was warmed between exposures, 
no Herschel effect was obtained. 

The foregoing experimental results support Gurney and Mott's 
imggestion that the destruction of the late nt-image speck is due 
to the ejection of electrons followed by diffusion of a Ag+ ion. 
T he experiment maU.e at room temperature (Figure 95a) has no 
appreciable bearing on the matter, but it is not discordant with 
Lhe idea. The results of t he other experiments can be accounted 
for by the proposed mechanism on the assump tion that no 
Ag+-ion diffusion can occur at -186° C. Thus, in Figure 95b, 
t he normal latent image is formed by an exposure at room tem
perature. In the exposure to the infrared light at low tem pera
ture, it is assumed that the electrons arc ejected, but if Ag+ ions 
cannot follow, t he speck will not disin tegrate and the electrons 
will be drawn back again by the posit ive charge on t he speck. 
Thus, the speck wi ll remain in tact after withdrawal of t he infra
red stimulus. The results of the experiment of Figure 95c are 
very much like those of Figure ~J5a. T he Hersche l exposure 
made at room temperature can d iminish whatever laten t-image 
riuclei nrc present. The experiments of Figure !l5d afford per
haps the most decisive evidence of al l. In line with t he origina l 
assumption of no Ag+-ion diffusion at - 186° C ., it must be 
supposed that t he true latent image is not formed by the white
light exposure at th is ternperature. I nstead , on ly the electronic 
pa rt of the process will occur, a nd the resul ting condi tion is a 
potential latent image consisting of electrons trapped on the pre
existing sensit ivity specks. If a subsequent infra red exposure 
is given whi le the emulsion is still at the low tempcmture, t his 
potential latent image is readily destroyed. P resumably, this 
occurs by ejection of t he electrons from t he speck. On the other 
hand, if t he emulsion is warmed t.o room temperature aHer t he 
white-light exposure and before the infrared exposure, t he full 
!alent-image specks form. Then, upon cooling the emulsion to 
- 186° C ., t he latent image cannot be erased by the infra
red mdiation for the reason apply ing to Figure 95a. These 
experiments support Curney and Mott's suggestion that the 
Herschel effect consists of a primary (photoelectric) and second
ary (electrolytic) process. The former is apparently independent 
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of temperature, while the latter is dependent on temperature. 
Summarizing, it may be said that two main theories have 

grown up to account for the Herschel effect: 
The fi rst attributes it to an oxidation of the silver nuclei of the 

latent image by oxidizing agents excited by the exposure to red 
light. The principal evidence fot· this theory is derived from 
experiments using desensitizing dyes and other reagents which 
render the emulsion insensitive to the forward action of actinic 
light. In t his way, reversal may be materially increased and 
may be produced by radiation extending throughout t he visible 
spectrum. However, it is doubtful that the reversal effect ob
tained under these conditions is identica l with that caused by 
infrared light alone on the untreated emulsion, which is usually 
referred to as the Herschel effect. 

The sccoud theory attributes the effect to a dispersion or 
some other physical altera tion of the latent image-nuclei by the 
direc:t action of infrared light. Leszynski first put forward t his 
idea, and it has received support from a number of la ter workers, 
particularly Hilsch and Pohl, who worked on the colorntion and 
bleaching of large single crystals of silver halide. Gurney and 
:\1ott have e laborated the dispersion hypothesis further. T hey 
propose a concrete mechanism for the process. The breakin~ 
up of t he speck is attributed to the ejection of an electron from 
the silver nuclei by the absorption of a quantum of infrared light, 
followed by the loss of a silver ion. The ion is supposed to be 
pu:shed after the electron by t he excess charge on t he nuclei. 
If the electron is then t rapped at another point in the crysta l, 
u silver ion will be attracte.d to this point and a silver a tom 
formed, as described for the formation of t he latent image. lu 
this way, an infrared exposure can lead to the breaking up of Uw 
origina l silve1· nuclei present. Evidence to support the theory 
of the Herschel effect proposed by Gurney and Mott comes from 
experiments at low temperature. The effect appears to consist 
of two pa.rt.s: a primary electronic part independent of tempera
ture and a secondary ionic process dependent upon temperature. 

THE S.ADATTIER EFFECT 

1f a fi lm which has been exposed, developed, and washed, but 
not fixed, is given a second uniform exposure and developed 
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again, a reversal of t he original image will be obtained. This 
effect was discovered by Sabattier 6~ in 1850 and is known as t he 
Sabaltier effect. In the same yea r, Seely M advanced an expla
nation for the phenomenon based on a simple printing effect. 
He suggested that the negative image produced by the first 
exposure and development was prin ted on t he underlying emul
sion by the second exposure. Depending upon the magnitude 
of the second exposure, the reversal may be complete or may 
occur only in the region where the first exposure is very ligh t. 
Later work by S tol ze,6~ Miller,66 a nd Trivelli 67 showed that the 
Sabatticr reversal can be obtained also if the second exposure is 
given from the back of the plate, and this th rew doubt on Seely's 
explanation. C ha rmon M carried out similar experiments by 
means of crossed wedges and obtained simi lar results. He 
showed further that the effect could be obtained also by chemi
cal fogging. A series of carefu ll y executed experi ments by 
Stenger 68 seemed to bea r out Seely's origina l explanation. 

An a lternative explanation of the Sa battier effect proposed by 
Seemann 69 is that t he bromide liberated during t he fi rst develop
ment restrains t he second development and t hat this restmining 
action is proport ional to t he a mount of density in the first image. 
Serious objection to this explanation is suggested by experiments 
of LUppo-Cramer 70 and Leiber,n who show that the reversal will 
be observed if t he plate is thoroughly washed after the first 
development. 

Another explanat ion of the Eabattier effect is that the oxida
tion products of t he first dev'i.:lcpment act as desensit izers for 
the second exposure. Thus, where the original density is high, 
more oxidation products result, giving grea ter desensitization. 
This expla nation was supported by Leiber. However, Ltippo
Cramer 72 a nd Stevens a nd Norrish 73 have demonstrated that 
the Sabatticr effect can be obtained with hydrogen peroxide a nd 
hyclrazine developers which do not form oxidation products . 

.:'vlarrial!;e 74 suggests that the movement of iodide may be a 
contribu ting cause of the Sabatticr reversa l in iodo-bromide 
emulsions. I t was shown hy Dundon and Bn ll nrd 75 that in 
development of a n ioclo-hromidc emulsion , the iodide liberated 
from the developing gra ins repl ace.':> bromide in the undeveloped 
grains. Marriage considers t hat this may cause desensi tization 
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of the undeveloped grains. However, experiments carried out 
by l'vlarriage a,nd by Stevens and Norrish j& with pm c silver 
bromide emulsions showed that the effect of the iodide can be 
of only .secondary importance . 

. Marriage made quant itative experiments to determine to what 
·extent the effect could be explained as a purely screening effect, 
as ori~inally suggested by Seely. As mentioned above, this ex
planation had been discredited by the fact that the reversal could 
be obtained if the second exposure was given from t he back of 
the pla te. It had not been definitely proved, however, that the 
blackened image, distributed, as it is, t hrough the depth of t he 
emulsion, does not affect the second exposure even if made from 
the back side. To test this point, Marriage,77 following a sug
gestion of E. R. Davies, used a plate with n light-absorbing dye 
to confine the light action to the sm facc. Under t hese condi
tions, a normal Sabatt ier effect was obtained if t he second expo
sure was given from the front side of the plate, but none if it 
was given from the back. This indica ted that the effect might 
be due to a screening effect a lone. To investigate the problem 
quant itatively, experiments on dyed films were made by means 
of crossed wedges and the results compared with t hose computed 
on the basis of the second exposure being screened by the original 
image. The film was first exposed through a step 'vedge, de
veloped, and washed. While still wet, a second exposure was 
made through the wedge turned ninety degrees from the former 
position. Two curves were plotted- one, .lt, giving the density 
values due to the first exposure a lone and one, .1.u, giving the 
deusity va lues of t he combined exposures-each plotted as a 
function of the logarithm of the first exposure. These arc shown 
by the circles in Figure 9G. The curve, .61,2, represented by the 
crosses is the calculated density curve for the com bined expo
sures obtained as follows : 

Let the density values of the first exposure alone be designated 
by .1.1, then 

( ! ) 

T he density values of the second exposure alone can be expressed 
as a function of t he second exposure, thus 

"' ~ /(logE,). (2) 
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The densities of the combined exposures, designated by .1.~, 2 , are 
represented by the equation 

<lu ~ D, +/(logE, - ]),). (3) 

This should predict the correct shape of t he combined exposure 
curves if there is no effect other than a screening of the second 
exposures /<: 2 by the densities D1, as indicated by the .seeond 
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Fro. 96. Curves illustrating the Sabatt.ier effe<.:t as produced by screening. 

term. Values of the second term can be read directly from the 
experimental curve (2), which shows the variation of density 
with exposure for the second exposure. Fog values are omitted 
in the above equations in order to simplify the analysis, but the 
fog terms were included in the calculation of the theoretical 
curve. The agreement between the observed and calculated 
curves is good, especially 'vhen allowance is made for the fact that 
the Optical density of a silver image is greater,vhen wet than when 
the second exposure is mnde. Thus, a reversal of the order of 
magnitude ordinarily observed in the Sabattier effect can result 
from a screening effect alone, and l\-Iarriage concludes that the op
t ical screening effect is suffic ient to account for the Sabattier 
reversal. Later work by Stevens and Norrish/ 8 however, indi-
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cates that, in addition to the screening effect, there is an effect 
arising from desensitiztion by the first exposure and development. 

The first experiment carried out by Stevens and Norrish was 
of the same type as that of Marriage and Davies, the second 
exposure being given from the back of the plate. Instead of 
using a dye to confine the light action to the surface of the 
emulsion, these workers used very short first development, so 
that the developed image was confined to the surface. When 
carried out in this way, reversal was obtained when the second 
exposure was give n from either the front or back of the plate, 
though the data show that the reversal action was considerably 
greater if the second exposure was given from the front. As 
pointed out by Marriage, these results include, in addition to 
the effective desensit ization due to development, an apparent 
reduction of sensitivity due to the first exposure. This latter 
effect constitutes the main part of the whole reduction in sensi
tivity and should be eliminated before comparing the results in 
the two cases of exposure from the front and back. If this were 
done , a still greater difference in reversal effects in the two eases 
would undoubtedl y appear. The experiment in itself cannot be 
considered as decisive as the one carried ou t with dye, since 
the second exposure may be materially affected by the layer of 
silver deposit on the front surface. A better test, perhaps, 
would be one made with ultraviolet light to restrict the expo
sures to the emuh:;ion surfaee. 

Other experiments carried out by Stevens and Norrish were 
much more conclusive in showing that an effect in addition to 
screeningoccurs. In these, instead of ligh t for the second exposure, 
they used treatment with a sodium arsenite solution and heat 
treatment up to 100° C. In both instances, there could be no 
screening effect, and yet distinct reversals were obtained. These 
results must, therefore, be considered good evidence that a differ
ential desensitization is produced by the first exposure and 
development. 

To test the theory that the Sabattier effect is produced by 
soluble halides liberated in the first development, pure silver 
bromide emulsions were used, these being subjected to prolonged 
washing after the first development. The Sabattier effect was 
still obtained under these conditions. 
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To test t he t heOry that oxidation products of the first develop
ment are responsible for the desensit ization, hydrogen peroxide 
and hydrazine were used as developers, and a clear Sabattie1· 
effect was found. It was concluded that oxidation products 
arc not responsible for the effect. 

From their exhaustive series of experiments, Stevens and 
Norrish concluded that none of the theories advanced previously 
was adequate to account for the Sabattier effect. They were 
thus led to suggest that metallic silver liberated during the first 
development is responsible, that it diffuses from the developing 
grains to the adjacent grains, and that this deposition of silver 
on a partially exposed grain produces desensitization. They 
assume that the silver on undeveloped grains supplies nuclei at 
which photo-product can coagulate during the second exposure. 
Increase in the number of nuclei in this way introduces compe
tition a-mong them for acqui1·ing developable size, which leads 
to lowered sensit ivity. To test the idea that metallic silver ean 
diffuse through the emulsion during development, a plain gelatin 
coating was placed in contact with a developing process plate. 
By subsequent physical development of t his plain gelatin layer, 
a reproduction of the image of the process plate was obtained. 
This experiment shows that t here is some diffusion of metallic 
silver through an emulsion during development. 

It may be concluded tha.t the Sabattier effect results part ly 
from a physical screening effect produced by a simple printing 
of the image from the first exposure and development onto the 
underlying silver halide, and partly from a chemical desensit izing 
effect resulting from the first exposure and development. The 
extensive experiments carried out by Stevens and Norrish throw 
considerable doubt on the theories based on the effect of soluble 
halides and oxidation products arising from the first develop
ment. Their new theory of the effect, based on desensitization 
by metallic silver, is supported by experimental evidence, but 
further work on t he subject is required. 

THE ALBEHT EFFECT 

In 1899, Albert found that if a collodion plate is exposed very 
fully, treated with nitric acid, washed, andre-exposed to diffuse 
light, a reversed (posit ive) image will be obta ined after develop-
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ment.79 This is known as the Albert effect. Li.ippo-Cramer 80 

showed that this result could be obtained on silver bromide gelatin 
plates with a solution of chromic acid or ammonium pernulfate. 
He explained this effect as due to partia l removal by the chro
mic acid of the latent-image silver formed in the first exposure. 

Li.ippo-Cramer made the following observations relative to 
the Albert reversal: (1) The first exposure must be heavy but 
not necessarily produce solarization; (2) the Albert reversal 
seems to be a phenomenon different from solarization becawse 
it occurs in emulsions containing sodium nitrite, where solariza
tion is not found; (3) the effect is obtained with the chemical 
developers hydroquinone, mctol hydroquinone, and ferrous oxa
late, and with pre-fixation physical development; (4) developers 
containing silver bromide solvents, such as sodium sulfite, de
velop a negative image, corresponding to the original exposure, 
instead of the reversed image. Lilppo-Cramer att ributes this to 
the laying bare of sub-surface nuclei by the solvent action of the 
developer; (5) no effect is obtained with post-fixation physical 
development or chemical or physical development after iodiza
tion. To explain these results, Li.ippo-Cramcr referred to ex
periments on synthetically prepared photo-halides containing 
varying amount.s of silver, in which photo-bromides were the 
more readily destroyed by oxidizing agents, the more silver they 
contained. He concluded, therefore, that only a small amount 
of silver could be occluded as an insoluble photo-halide in the 
photographic grain. If this amount of silver is exceeded by that 
produeed during the first exposure, the attack on the ripening 
nuclei of the grain wiU be facilitated. Only the surface nuclei 
can be destroyed in this way, and, t herefore, if the surface of the 
grain is dissolved after the chromic acid treatment, the inner 
nuclei will become available a.s development centers. 

This explanation of the action of chromic acid on exposed 
grains accords with some results obtained by Clark,81 who made 
a quantitative study of the effect of chromic acid t reatment on 
exposed and unexposed emulsions without specific ref~rence, 

however, to t he Albert effect (Chapter IV, p. 151). He con
cluded that the fi rst exposure makes the sensitivity centers more 
suscept ible to attack by the chromic acid. This view is sup
ported by Sheppard 82 and Li.ippo-Cramer.S3 
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From some preliminary experiments on the Albert reversal 
carried out by Stevens and N orrish, 81 evidence was obtained that 
a close connection exists between the Albert reversal and the 
"residual latent image," i.e., the latent image surviving the 
chromic acid treatment. Stevens 8~ followed this work \vith ex
tensive experiments to test the relat ionship between the Albert 
reversal and the residual latent image, which he considers con
sists of sub-surface nuelei formed within the photographic grain 
and, therefore, not subject to destruct ion by the chromic acid 
treatment (Chapter IV, p. Hi8) . The treatment with chromic 
acid leaves the internal nuclei to act as coagulation centers for 
the photo-product formed during the second exposure. Stevens 
states, 

"if thf mtunallatent image Of an exposed grain , which has been 
treated with acid di chromate solution, has th is effect, it will pre
vent , or at least hinder, the formation of new surface nuclei and the 
grain will be desensitized. I t th erefore follows, necessarily, that 
the behavior of the reversal will be exactly similar to the behavior 
of the latent image." 

Stevens found that both the Albert reversal and the residual 
latent image oecur with acid dichromate (potassium dichromate 
2 gms., sulfuric acid 10 cc., distilled water 1000 cc.) treatment 
following the first exposure. Both can be removed by suffi
ciently prolonging this t reatment or using full strength acid 
permanganate. However, with weaker solutions, both effeCts 
are made to appear. Strong solutions of acid permanganate 
seem to attack the in ternal as well as the external nuclei. 

I t \vas found that both t he residual latent image a nd the 
Albert reversal can be produced in emulsions treated with acid 
dichromate solution for twenty-four hours prior to the first expo
sure. This treatment, according to Stevens, removes all surface 
nuclei, and he claims that this experiment demonstrates that 
the Albert effect is independent of the surface nuclei. The fact, 
however, that his treated emulsion retained some sensitivity 
make:.• it appear doubtful that all the surface nuclei had been 
destroyed. 

To demonstrate that the residual latent image consists of 
internal nuclei, Stevens ca rried out experiments in whieh a ten 
per cent solution of sodium sulfite was used on the grains after 
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the first exposure and chromic acid treatment. Ji'errous oxalate 
developer wa!:l u:sed because it has no solvent a.etiou and, there
fore, does not develop graius if the surface nudei have betm 
removed.113 After treatment with .!:iodium :;ulfite to dissolve the 
surface of the silver bromide grain, the ferrous oxalate developer 
was found to develop the image corresponding to the original 
exposure. 

Stevens showed further that the residual latent image and the 
Albert reversal exhibit similar reciprocity law failure. He says, 

"it rna)', in fact, be claimed that every chamcteristic of the beha
vior of the residual latent image is accompanied by an exactly 
similar characteristic in the behavior of the Albert reversal. This 
can be rl'.garded M an experimental proof showing that the residual 
latent image is the origin of the desensitizution which gives 1·ise to 
the Albert reversal." 

It seems clear from Stevens' work and that of Ltippo-Cramcr 
t hat the nuclei formed in the interior of the grain by t he first 
exposure play a part in the desensitizing action observed in the 
Albert effect. This effeet is greatest in the grains which have 
least of the original sensitivity centers left at the surface. Since 
exposure converts the sensitivity centers into the more easily 
oxidized latent image, the action of the oxidizing bath is increas
ingly effective with increasing exposure. Thus, grains with a 
higher pre-exposure have rL greater tendency in the second expo
sure to produce the latent image in the interior rather than at 
the surface. This cxpluius the reversul obtained. 
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CHAPTER VIII 

THE MECHANISM OF DEVELOPMENT 

The photographic process depends upon the fact that the 
reaction Ag+ + c - Ag, i.e., the reduction of sil ver ion to metal
lic si lver by a developing solution, proceeds much more easil y 
for an exposed sil ver halide grain than for an unexposed grain. 
The change v·:hich light produces in the grains to make them 
developable is the subject of Chapter IV. The present chapter 
discusses the mechanisms which start the reduction of an ex
posed grain and continue it once it has begun. It is necessary 
to disti nguish between two kinds of development, generally 
known as physical a nd chemical development. 

T ypically, a physical developer contains a reducing agent , 
such as t he benzenoid compounds generally used in developers, 
free ~er ions, and a \Veak acid, such as acetic or citric acid. 
&ri""Glutions deposit sil ver upon suitable nuclei, such as those 
formed in the sil ver halide grains by light . In a true physical 
developer, t herefore, the sil ver which forms the image is not 
derived from the silver halide of the emulsion. On the other 
hand, in chemical development, the silver bromide grain itself is 
reduced, starting from specific points of the surface. The de
veloper does not contain any free silver ions and has a much 
lower oxidation-reduction potential, i.e., it is a stronger reducer, 
than the acid ~mlutions referred to above. 

Much light has been thrown upon the process of develop
ment by the pictures showing the structure of the developed 
sil ver obtained by means of the electron microscope.* These 
pictures show very clearly the difference in structure between 
images produced by physical and by chemical development. 
The silver deposited from a physical developer is in the form of 
a fluffy mass composed apparently of _very small particles of 
silver, while that produced by chemical development consists 
of definite filamentary strands resembling somewhat a mass of 

• The micro1100py of the developed l(rain 1md the application of tho electron microscope 
toi tllproblems arediscussedin ChaptcrXXI, p.834. 
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seaweed. In ordinary developing practice, both types of de vel
opment may occur, since the solut ions contain substances which 
dissol ve silver bromide, the commonest of which is sodium sul
fite. Interesting photomicrographic evidence of such competi
tion in the case of a p-phcnylenediamine developer is presented 
by Frieser.1 For such solutions, the reduction of the silver is 
initiated by chemical development. but physical development 
occurs in the later stages. 

Physica l development is somewhat less complex than chemi
cal development and is therefore discussed first, although from 
a practical viewpoint it is less important than chemical de
velopment. 

PHYSICAL DEVELOPME NT 

Bullock 2 measured the exposure required to produce an image 
for physical development compared with that necessary for 
chemical development and found t hat, for physica l development, 
the exposure is approximately five times greater than for chemi
cal development. The factor was determined for a fine-gra in 
emulsion (Slow Lantern plates); there is reason to belie.,. •th~ 

for faster emulsions, the factor is considerably greater, but ' the 
matter is complicated by the very heavy deposition of fog if 
development is prolonged beyond the minimum t ime to produce 
an image. It appears possible that the latent image for physical 
development differs somewhat in its nature from the latent image 
for chemical development. 

Two types of purely physical development are known. If 
solutions which can deposit silver arc allowed to act on an ex
posed photographic material in the presence of the silver halide 
of the emulsion, t he process is known as pre-fixation physical 
development; but if the silver halide is first removed by a solvent, 
such as thiosulfate, the process is known as post-fixation physical 
development. In both cases, the developing solu t ion is of the 
same nature and the reaction is probably identica l. T he differ
ences between pre-fixation and post-fixation images are fully 
explicable on the assumption that not all the silver nuclei are 
on the surface of the grain and, therefore, not so ava ilable before 
fixation as afterward. The final image produced by physica l 
development is characteristically composed of very fine particles 
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and is easily dissolved, so that the image after pre-fixation de
velopment must be fixed with care. 

For post-fixa.tio1.1 development, the solvent for the silver halide 
and the manner of its use are of importance. The very finely 
divided silver image on which the silver is to be deposited from 

, solution is very reactive because of the small size of its particles, 
and it is easily oxidized and dissolved by aerated solutions of 
the fix ing agent . The greater the complex-forming action of the 
solvent, the greater this effect becomes. Prolonged treatment 
with acid thiosulfate removes all t raees of the latent image, as 
would be expected from the known solubility of si lver in such 
baths.3 This effect increases with time, temperature, acidi ty, 
and agitation. However, even alkaline hypo, which has little 
effect on a. developed silver image, seriow;ly affects the latent 
image for physical development, especially if the solution has 
been aerated. Perhaps the least effect is produced by sodium 
sulfi te as t he solvent. Unfortunately, it cannot be used with 
emulsions containing a high concentration of iodide; in this case, 
no solvent is suitable for quantitative work. A residual image 
~nay. j e obtained b~ th~ u~c of concentrated alkaline hypo or 
concentrated potassmm iOdide. 

The influence of the number and size of silver nuclei in physical 
development was investigated by .Arens and Eggert 4 and by 
Arens.~ Proceeding from experiments with silver sols of knovm 
particle size and concentration, they showed that the mass of 
silver precipitated from a silver-ion solution by a physical de
veloper (p-phcnylenediaminc sulfite) is independent of the size 
of the particles and proportional to their number. This rule 
likewise applies to gold particles. It is valid, however, only 
within certain limits. For very high concentrations of nuclei, 
the growth is less than proportional to their number; the relative 
rate of growth also decreases for particles larger than w-l~ grams, 
although the absolute rate of growth is still increasing. Both 
phenomena were explained as resulting from local exhaustion 
of the developing solut ion. 

As has been stated, a physical developer is one which contains 
free silver ions and a reducing agent. For a practical physical 
developer, the solution must be stabilized by the addition of a 
weak acid or a compound which forms a complex with the silver 
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ion, e.g., sulfi te. In this way, the solut ion is relatively stable 
and yet will readily deposit metallic silver upon suitable nuclei. 
I n t ime, however, such a solution will plate out most of the silver 
on the container or n.ny ma terial immersed in it . F requently, 
heavy fog is caused by the general deposition of silver on the 
surface of the gelatin, but this can be wiped off the wet emulsion 
or, in extreme cases, removed by a.n oxidizing agent wit hout the 
image being seriously affected, since the image is formed inside 
t he gelatin and is thus protected to some extent by it. 

The oxidation-reduction potentials involved indicate the con
dit ions necessary for the stability of t he solut ion, and the electro
chemica l aspects of physical development arc discussed in more 
det..'l il in Chapter X U, which deals with t he redox potentials of 
developers. When a silver salt solution is added to a reducing 
solution, there is an adjustment of t he oxidat ion potentia ls of 
each to a common value inte rmediate between the two. This 
takes place by oxidat ion of part of the developing agent and a 
corresponding reduct ion of silver ions. If the potentials arc 
initially very different, a large amount of the latter is reduced 
to silver. I n the case of silver nitra te, if metal is used as t he 
reducer, nearly all t he silver may be thrown out of soiution. 
If, on the other hand, silver sulfite in the presence of excess 
sulfite is added to an acid metal solution, very little silver is 
precipitated. 

In explanation of the scleetivity of deposition, two theories 
have been advanced. According to one, t he silver specks of the 
latent image serve as crystallization nuclei for silver present in 
the developer M a supersaturated solution. According to the 
other theory, t he silver specks also act as cata lystS for the reduc
tion of the silver ion. 

Silver-bea ring solut ions of the type used for physical develop
ment are capable of maintaining a relat ively high degree of 
supersaturation in dissnlved silver over considerable periods. 
This supersaturation is decreased by the presence of surfaces 
onto which the metallic silver may plate out. Volmer 6 believes 
that a supersaturation of the order of a million t imes that of the 
normal solubility might occur. I t is therefore understandable 
that if silver nuclei are present, t he silver from the solut ion 
deposits upon them and the latent image is thus developed. 
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However, physical developmen t is controlled by kinetic phenom
ena as well as by the thermodynamic conditions just diseus..<'>ed. 
The addition of acid to the developer not only lowers the silver 
potential, but diminishes the ra.te of reduction. An acid-con
taining developer, therefore, furnishes the reduced silver a.t a 

, lower rate than one containing more hydroxyl ions. The rate 
of reduction of the acid-containing developer is adjusted better 
to the rate of crystallization on the silver nuclei, and spontaneous 
plating out is therefore lessened. 

Sheppard and Mecs 7 and James 8 showed that the reduction 
of sil ver ions by various developing agents is strongly catalyzed 
by metallic sil ver, a nd, according to ,James, the catalytic action 
of silver nuclei upon the reduction of silver ion is caused by the 
adsorption of silver ion at the su rface of the meta llic silver. 
Volmer 6 showed that the reaction of developing agents with 
atmospheric oxygen is likewise accelerated by the presence of 
colloidal silver, and possibly, therefore, the developing agent 
itself is activated as a reducer by the presence of the colloidal 
metal. These investigations support the theory, first advanced 
by Volmer, that the latent image has a catalytic effect on the 
reduction process proper as well as on the deposition of the silver. 
In either caHe, development obviously continues by the mecha
nism by whieh it was init iated. 

CHE~HCAL DEVELOPl\-IENT 

In its ideal form, the solution used in chemical development 
contains no free silver ions or silver solvent. This pure type is 
most closely approached by the ferro-oxalate developer, which 
conta ins no su lfite or other silver solvent and in which the solu
bility of silver bl'omide is very low indeed. Most of the other 
practical developers contain silver solvents, such as sulfite, but, 
even then, development is probably due in large part to the 
reaction of the developing agent with the silver halide grain itself. 

Several theories have been evolved as to the mechanism of 
chemical development, and val'ious types of experiments have 
been carded out to test them. It is p1·obable that certain of the 
mechanisms suggested do not exclude, but supplement, each 
other, and this may explain some of the complexity of the litera
ture. There arc hypotheses relating to the initiation of develop-
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meut which apply directly only to the organic developers, such 
as hydroquinone. Thus, all the work on adsorption of devel
oping agents and the influence of their oxidation products has • 
been carried out on only those developing agents, and the prop
erties of ferro-oxalate have largely been ignored. In view of the 

. greater simplicity of the chemical reactions of ferrQ-Qxalatc, the 
complete reversibility of its reaction, and its freedom from sol
vents for silver halide, it would seem to have advantages as the 
typical developer. This view 'vas adopted by Sheppard and Mees 
in their early work on the theory of the photographic process. 

For many years, the most generally accepted theory of the 
mechanism of development was the so-called supersaturation 
theory. This was proposed first by Ostwald 9 and, in a somewhat 
modified form, by Abegg 10 and Schaum.11 Sheppard and Mees 7 

considered it in entire consonance with their experimental re
sults. It assumes tha t the deposit ion of silver takes place from 
a supersa turated solution and that chemical development is 
closely rein ted to physical development. According to Ostwald, 
the silver halide dissolves in the developer, which has penetrated 
to the grain surface. Then t he silver cations are reduced by the 
developing a.gent in a thin layer around the grain. The silver 
atoms thus formed are in solution, and the reaction is supposed 
to stop unless silver is present in the solid form, on which that 
from the solution can precipitate. It is assumed that in an 
exposed grain, the latent image furnishes the silver nuclei for the 
beginning of precipitation of the silver from t he developer solu
tion. Once started, the process continues until the entire grain 
has been reduced to metallic silver. According to the Ostwald 
t heory, the silver nuclei facilitate the deposition of the reduced 
silver but not t he reduction itself. On the other hand, the 
reducing action of a reversible developer slows down with rising 
concentrations of silver atoms in the solut ion and, a t high super
saturat ionS, approaches a standstill. If silver nuclei break the 
supersaturation, the reduction will cont inue, and in tltis sense 
the act ion of the silver nuclei might be called catalytic. 

The Ostwald theory allows a rather simple treatment of cer
tain problems connected with development, and it has been 
widely used. There are many objections, however, to t his the
ory. The production of a high concentration of reduced silver 
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in solution should stop the reduction process only if the latter 
is a reversible reaction, and it is therefore difficult, on the basis 
of the Ostwald theory, to understand the action of the irre
versible organic developers containing su lfite. Staude,12 in a 
review of the literature, like many other authors (see below) 

. stresses the importance of true catalysis and adsorption for the 
initiation and the mechanism of development and points out that 
a large number of phenomena common to heterogeneous cata
lytic reactions appear also in development. Thus, the Ostwald 

· theory should not be considered an adequate representation of 
the mechanism of development. However, for problems which 
are not concerned with the actual mechanism of the process but 
only with the equilibria which are finally attained, i.e., the thermo
dynamic considerations, the ideas of Ostwald are still of real value. 

Direct evidence against the Ostwald theory is furnished by 
observations with the electron microscope. These reveal an 
unmistakable difference in the nature of the silver deposits 
obtained in physical and in chemical development. The mech
anism of physical development described nbove is not contra
dicted by the electron micrographs of the silver. However, it is 
difficult to visualize how a mass resembling seaweed (Figure 97), 
which is formed in chemical development, could originate in a 
process having the mechanism suggested by Ostwald. That the 
filaments are not formed in the interior of the crystal grains but 
by extrusion from them is shown in the series of pictures illus
trating progressive stages of development of small emulsion 
grains (Figure 99). At first, a few filaments arc extruded, and 
these increase in number and length as development is continued 
un til, fina ll y, the silver bromide grains are replaced by the fila
mentary silver. In the development of very small grains, such 
as those of Lippmann emulsions, each individua l grain appears to 
be converted into a single filament of silver (Figure 98). 

The filamentary silver produced in development closely re
sembles · the "hair" silver described by various authors and 
investigated by I<ohlschiitter.U It is likely that both originate 
in similar processes. According to Kohlschiitter, hair silver is 
formed by the reduction of silver sulfide with hydrogen at 
444° C. The formation depends upon several factors, viz., re
duction rate, mobility of the silver ions in the crystal , and 
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catalysis by nucleus formation; the reaction is initiated by a 
silver speck and continues at the interface of silver and sulfide. 
When t he silver ion is neutralized, it is released from the electro
static forces of the lattice and has a high energy content owing 
to the heat of reaction. Both factors make the silver atom leave 
.the surface of the sulfide crystal, pushing ahead the silver already 
present. The growth of a silver hair continues as long as the 
silver ions at the place of reaction are restored by migration in 
the crysta l. The mobility of the ions in silver sulfide at the 
temperature of reduction is obviously high enough to provide 
for a sufficient supply. The only other compound which, in 
Koh lschO.tter's experiments, formed hair silver was silver halide. 
Silver chloride produced small threads of silver if reduced at a 
temperature of 550° C. Although such a high temperature is 
unlikely to be reached in development, it should be kept in mind 
that the reduction of silver ion by hydroquinone may easily have 
a heat of reaction of about 10,000 calories and that this may 
produce hot points in the reducing crystal. Further, the growth 
of microscopically visible hair silver observed by Kohlschtitter 
at a magnification of 130 diameters requires migration over much 
greater distances than the formation of the fine deposits illus
trated in Figure 97. 

The structure of the silver deposits formed in chemical de
velopment and revealed by the electron microscope shows that 
the red uction is localized in spot-s and proceeds at the silver, 
silver halide interface. Rabinovich and Shteifon H carried out 
a photomicrographic study of the development of large, flat 
individual silver bromide grains. Under the conditions em
ployed, development spread on the grain in circular zones, start
ing from invisible nuclei, and formed a well-marked interface 
between the reduced silver and the silver halide. The rate of 
increase of the developed area was proportional to the extent of 
the silver, sil ver halide interface. 

The phenomenon of reaction at an interface is not a rare one. 
The reduction of cupric oxide by hydrogen is markedly accel
erated by the presence of copper nuclei. The thermal decom
position of many crystalline compounds, among them silver 
oxide, silver oxalate, and silver permanganate, commences at 
nuclei and proceeds at the interface of the crystal and the solid 
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' reaction product. The interface is evidently a region of en
hanced reactivity, even in reactions which proceed without the 
participation of external materials. 

An adsorption theory of chemical development was suggested 
by Bancroft: 1 ~ 

" H the reducing agent is adsorbed much more strongly by ex
posed silver bromide than by unexposed silver bromide, the former 
will develop mom rapidly than the latter, and we shall get a nega
tive. If the rcdueing agent is adsorbed more strongly to unexposed 
tha n to exposed .-;ilvcr bromide, we shall get a positive. If there is 
not much difference in the adsorptions, we shall have cxpo • .,;ed. and 
unexposed silver bromide developing at so nearly the same rate t hat 
we get a more or less uniform fogging." 

This suggestion was developed in various ways, and the study 
of t he induction period in photographic development wns par
t icula rly helpful in these investigations. 

When an exposed plate is immersed in a J eveloper, in some 
cases traces of the image become visible a lmost immediately, 
while in other cases a certain time elapses before an effect of 
development can be seen. This time lag is ealled t he induction 
period; its immediate importanee for the study of the initiation 
of development is obvious. Lainer 16 found that small concen:.. 
trations of soluble iodide in the developer diminish the induction 
period, and Liippo-Cramer 17 showed that the same effect occurs 
from the addition of small quantities of certain basic dyes and 
of the colored oxidation producls of many developers, such as 
a.rnidol, metol, and so forth. The La.iner effect was attributed 
Oy Ltippo-Cramer to the partial disintegration of the silver bro
mide grain by the local conversion of the bromide into iodide 
(Chapter VII, p. 271 ). In this way, the silver nuclei produced 
by exposure are supposed to becorne more effective in acceler
ating reduction. This hypothesis of the unpeeling of the nuclei 
(Keimblosslcgung) has often been reaffirmed by Liippo-Cramer, 
while Sheppard and .Meyer 18 consider it" artificial and forced." 
These authors measured the influence which the t reatment of 
the exposed film with potassium iodide solutions hns on the 
Watkins factor. 

The Watkins factor (Chapter X I) is the quotient of the time 
of development necessary to produce a given density divided 
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by the time at which the first traces of the image appear. 19 

Sheppard and .Meye r found that the Watkins factors of metol 
developers are not influenced by treatment of the sensitized 
material with the iodide solution. Such t reatment, however, 
doubles the fac tor for a glycin developer and increases it for a 
.hydroquinone developer to as much as six times its original 
value. These differences between t he developers are not readi ly 
explained by " Keimblosslegung," a nd Sheppard and M eyer give 
the following explanation: With a metol developer, t he image 
appears very quickly, while a hydroquinone developer has a con
siderable induction period. If the sensit ized material is t reated 
with iodide solut ion before development, this period of latency 
will become smaller and the ·w atk ins factor will increase corre
spondingly. The induction period itself is supposed to depend 
upon the t ime which the de veloping agent requires to become 
adsorbed to t he sil ver ha lide grain. This adsorption of the de
veloping agent, according to Sheppard and Meyer, ta kes place 
by virtue of a chemica l complex of t he developing agent a nd 
the sil ver halide, and compounds which promote this complex
formation reduce the induction period. 

Treatment of silver bromide crystals with potassium iodide 
converts the surface of the crystals, at least part ia lly, to silver 
iodide. If this silver iodide has a greater tendency to form 
complexes with t he developing agent, the iodide-treated grains 
will adsOJ"b t he developing agent more readily than does the 
un treated sil ver bromide, the induction pe riod of development 
will decrease, and the Watkins facto r will increase. The authors 
substantiated the fact that the tendency of silver bromide to 
adsorb compounds increases in the presence of potassium iodide 
by showing that the adsorption of t he dye safranine to sil ver 
bromide is considerably facilitated if potassium iodide is present 
in the solut ion from which the adsorp tion takes Place. 

Sheppa rd and M eyer suggest , on the basis of their experi
ments, that deve lopment proceeds as follows : The developing 
agent, after penetrating the gelatin, forms complexes with the 
sil ver halide at t he surface of the sil ver halide grains. These 
complexes, in the presence of silver nuclei, break down wi th the 
formation of metallic sil ver and the oxidized developing agent. 
The metallic sil ver for the init iation of this process is provided 
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by the photolytically formed silver of the latent image. After 
the reduction of the grain starts, it proceeds autocatalytically 
because of the silver formed. This is in agreement with the 
suggestion which Piper 20 made as early as HlOS that "we may 
look upon development as being an action of a catalytic nature, 
the latent image being the catalyzer." The importance of a 
suitable nucleus, according to Sheppard,21 is twofold. Its inter
face with the silver halide provides the necessary ionic deforma
tion for reaetivity, and, on the other hand, it provides a break 
in the adsorption layer (Chapter VIII, p. 319), a s tarting-point 
for displacement processes. 

A direct experimental investigation of the adsorption of the 
developing agent to silver halide under developing conditions 
has not been possible because of t he difficulty of separating 
adsorption from reduction. Wulff and Seidl 22 attacked the prob
lem by substituting for the organic reducer a meta-substituted 
compound of otherwise similar type which does not develop, 
viz., resorcinol (m-dihydroxybenzene) for hydroquinone. Their 
experiments indicated that in alkaline solution this substance is 
adsorbed to silver bromide. Apart ftom certain inadequate con
trols (pH stabilization), it is difficult to appraise the significance 
of these results for the adsorption hypothesis because resorcinol 
is not a developer. 

The effect of dyes and of oxidation products on the induction 
period was investigated sensitometrically by Luther and Friitsch
ncr.23 The addition of as little as 0.008 gram per liter of oxidized 
amidol to a hydroquinone developer produced the effect. In 
the absence of sulfite, a hydroquinone developer had only a 
short induction period, obviously because the oxidation products 
were not removed by sulfite, while the induction period great ly 
increased if Lhe hydroquinone was protected from aerial oxida
tion. The addiLion of bromide to such an air-free developer 
produced a much greater depression of development than in the 
presence of air, and FrOtschner considers it questionable whether 
hydroquinone free from oxidation products 'vould act as a de
veloper in the complete absence of air. The oxidation products 
cut down the induction period even if they are used in a pre
development bath and the emulsion is thoroughly washed after
ward. From this, it was concluded that the effect depends upon 
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adso•·ption of the addiLions to either the halide or the latent 
image. 

This work was continued hy Staude 1u~ Rnd extended to cover 
practica l developers containing sulfite. A hydrofJuinone devel
oper so prepared that it was free from oxidation produd.:; showed 
a prolongation of the time of appearance in the pre.o.;ence and the 
absence of the usual additions (sulfite, potassium bromide). 
With metal, the time of appearance in strongly alkaline solutions 
was so short that only a weakly a lkaline solution could be 
studied , and with amidol a marked effect of the oxidation prod
ucts was evident only at pH values below 6.0. Sta.ude found 
that the time of appearance of fog, that is, the development of 
unexposed silver bromide, was not prolonged by the absence of 
oxidat ion products; and he concluded that initiation by oxida
tion products is not necessary for the development of fog but 
that the latter is produced by the developing agent itself. 

Staude assumes that the latent image consists of electron con
centrations at the sensitivity specks of the silver halide crystals 
and that the oxidation products are adsorbed to the exposed 
grains by virtue of their affinity for these electrons. A reducing 
agent which forms addit.ion compounds with its primary oxidar 
tion products is then preferentially adsorbed to the exposed 
grains t hrough the mediation of the oxidation products. When 
reduction begins, more oxidation product is formed, and the 
reduction continues a.s an autocatalytic process. Development 
of solarized grains is retarded because, instead of electron con
centrations, nuclei of metallic silver are present to which the 
oxidation products are not adsorbed. Once development of the 
sobrizcd grains has begun, it proceeds normally, oxidation prod
uets being fonned whieh eatalyze the reduction. According to 
Staude, the c:apacity to form addition compounds with its oxi
dation products is characteristic of a developing agent. The 
explanation given by James a.nd Weissberger for the catalytic 
action of the oxidation products in the autoxidation of various 
developing agents has some bearing on this subject (Chapter X, 
p. 381). However, it is difficult to understand how Staude's 
theory can deal with the simple irreversible inorganic developers 
and organic developers such as durohydroquinonc, which are not 
known to form addit ion products with their oxidat ion product.<s, 
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unless Staude is correct in suggesting that the addition products 
are formed by the compounds when adsorbed, even if they are 
otherwise unknown. The inhibit ing effect of oxidation products 
on developing agents like p-phenylenediaminc presents anot.her 
objection to Staude's theory, while the instability of concent.ra

, tions of electrons at concentration specks has already been dis
cussed (Chapter VI, p. 244). 

The adsorption of the developing agent to the silver ha lide 
was studied from a different point of view by Schwarz and 
Urbach 20 in their surface charge theory. These authors, inst-ead 
of asking how a developer reduces the exposed grains, invest i
gated the problem of why the unexposed grains are not reduced 
and what it is that Protects them from reduction. T he protec
tion is not a lways present. Silver bromide, for instance, which 
is precipitated in the presence of an excess of silver nitrate or in 
the absence of gelatin is readily reduced in a common developer 
without exposure to light. Schwarz and Urbach carried out 
experiments on the stability, coagulation, exposure, and devel
opability of halogen silver sols prepared with or without excess 
of bromide and with or 'vithout gelatin. On the hnsis of these 
experiments, they suggested that the protection of unexposed 
silver halide from development is due to a negatively charged 
layer which surrounds the silver halide grain formed in the 
presence of excess of bromide (Chapter III, p. 90) and that the 
gelatin protects this charged layer. The grains are not reduced 
by the developer, because the protective charged layer keeps the 
developer ions away from the grain. Exposure to light removt!s 
an electron from one of the surface bromide ions to t he interior 
of the gmin, where it i.>:> <:aught by a silver ion. T he latent 
image, i.e., t he effect of the exposure upon development, is not 
associated with the silver atom formed but with the gap in t he 
eharged layer caused by the absence of this electron. This gap 
in the charged layer is thought to allow developer ions to reach 
the grain and so reduce it. 

The surface charge theory was accepted in its es..<>ential features 
by E vans and H anson.26 These authors point out tha t the exee~·s 

ha lide which forms the negative charge may be considered either 
as simply adsorbed to the crystal surfaee or as part of the crystal 
lattice. It may be assumed that the latter type plays an impor-
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tant role, since t he crystal growth gives rise to halide-surfaced 
crystals. T he grains of an emulsion are formed under such con
d it ions t hat, in addition to ht~lide, all t he components of the 
emulsion arc adsorbed to t he crystal. They include, among other 
substances, gelatin , sensit izing d yes, a nd antifogging agents. 
D uring exposm e, t he absorpt ion of light by the silver halide 
or, indirectly, by adsorbed sensit izers removes electrons from 
the bromide level of t he lattice; a nd atoms of bromine remain. 
Electrons from adjacent bromide ions of t he lattice are free to 
move to t hese bromide atoms. Such movement, however, is 
relatively slow and , because of t he negative surface charge, is 
assumed to be largely that of electrons into the crysta l lattice 
from t he ions of the lattice surface. T he net effect of the expo
sure will, t herefore , be a decrease of the negative surface cha rge 
of t he crystals, and the grain becomes more developable because 
externa l electrons-comi ng from the developing agent- will enter 
the exposed crystals more easi ly than the unexposed ones~ 

J ames 21 investigated the role of t he charge effect in develop
ment by studying the induction period with various organic 
developers. According to t he length of the induction period, 
t he developing agents fell in to four different groups, and this 
a rrangement agreed well with a grouping of the developing 
agents according to the number of charges car ried by their active 
species. T he longest induction period is shown by a group in 
which trivalent a nions are t he reducing agents p roper, a fa irly 
long one is shown by the developers where doubly charged anions 
a re t he active species, and a rather short induction period is 
common to the developers in which the monovalent a nion is 
responsible for t he reducing action . 

Developing agents belonging to a fourth group show no induc
t ion period at all. This consists of p-phenylenediamines * which 
cannot be expected to form anions in sufficien t concentrations 
to account for the development rates observed; and the neu
tral molecules, possibly in a n activated state, are presumably 
the reacting species of t hese developing agents (Chapter X , 
p. 389) . 

• Tho suhstitutcd p-phrnylcncdinmin"" do not 6how the wlvent action on silver bromide 
of the mother suhst.nnee and are not, therefore, phy6ical developers . Si lver developed 
with p-diuminotctrnmethylbenzr.nc, for example, ha.e a Btrueturo typical of chemical 
development. 
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The difference in the initial reaction rate between exposed and 
unexposed grains with the last-mentioned group of developers 
does not appear to be caused by the surface charge of the crys
tals. Likewise, with the a nionic developing agents, the protec
tion of the grains by a surface charge is not necessary if the 
reduction potentia l of the solution is lowered sufficiently.28 

Under these circumstances, even a positive surface charge will 
not cause a general reduction, and development will start only 
in the exposed grains. The su rface charge theory must be sup
plemented to explain these results. de Langhe 29 had pointed 
out that neither the disturbance in the surface charge nor the 
presence of a silver nucleus alone fully explains the initiation of 
development and that both factors are involved. If silver specks 
a re present in the exposed grains, the absence of an induction 
period with p-phenylenediamines suggests that an increased re
action rate at the si lver, sil ver ha lide interface is important not 
only for the continuation (p. 314) but also for the initiation of 
chemical development. The unexposed grains are void of the 
positive catalysts for the reduction (silver specks) a nd, in the 
common emulsions, are fur thermore protected by the negative 
surface charge, the latter being particularly important with 
anionic developers of high reduction potentials. 

An attempt to explain the catalytic action of silver on the 
init iation and continuation of development by an adsorption 
of the developing agent to silver was made by Rabinovich .30 

This author suggests that the rate of reduction at the interface 
between silver halide and silver increases with the rise in con
centration of the developing agent caused by adsorption of 
the developing agent to the silver. Rabinovich and his col
laborators 30 describe experiments to prove the adsorption of 
the developing agent to silver. A silver sol was added to a 
hydroquinone solution, and the mixture was subjected to u ltra
filtration. Analyses were made before and after filtration to 
determine the adsorbed hydroquinone as a difference. This 
method would give the amount of adsorbed developing agent 
provided no reaction occurred t hat changed the hydroquinone 
chemically during the process. Actually, 77 per cent of the 
added hydroquinone escaped analytical detection even before 
the ultrafiltration, while after the filtration, only 5.5 per cent 
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of the hydroquinone originally added was present in the filtrate. 
The d ifference of 17.5 per cent was called "adsorbed," no 
attention being given to the fact that if a loss occurred before 
ultrafi ltration, it cou ld very likely occur during ultrafi ltration, 
which is a t ime-consuming operation. T his obviously happened, 
because when Perry, Ballard, and Sheppard 31 repeated Rabino
vich's experiments under more stringent conditions, e.g., careful 
protection of the solut ions from aerial oxidation, no conclusive 
.evidence for an adsorption of hydroquinone to colloida l silver 
was found . According to these experiments, only a very s light 
adsorption, if any, takes place. 

Volmer 32 described the catalytic action of colloidal silver on 
the reaction of develop ing agents with atmospheric oxygen. 
This is, in many respects, similar to the reduction of silver halide 
(Chapter X, p. 377). Its rate increases when colloidal silver is 
added to t he solutions, as shown by their more rapid discolora
tion. On the basis of t hese resu lts, Volmer originated the theory 
t hat photolytically formed silver accelemtes the reduction of 
silver halide and initiates development, which then continues 
by the same mechan ism. 

J ames 33 introduced sil ver nuclei into silver chloride grains 
which were prepared in t he presence of gelatin and compared 
their reduction with that of grains without sil ver nuclei, using 
hydroxylamine as the developing agent. The reaction was fo l
lowed by measu ring the evolution of nitrogen (Chapter X, p. 
376). Figure 100 illustrates some typical results. Both samples 
were reduced by the hyd roxylamine, but the nucleated sample 
was reduced at a much greater rate than the pure silver chloride. 
In analogy to actual development of a photographic emulsion, 
curve 2 represents image development, and curve 1, fog forma
t ion. This serves to emphasize that development is essentially 
a kinetic phenomenon. Except under very restricted conditions, 
both exposed and unexposed grn ins of the photographic emulsion 
are attacked by the developing agent. T he distinction between 
them lies in the fact that the exposed grains are reduced at a 
substttntially greater rate t han the unexposed ones. Other ex
periments were carried out by the same author on the cata lytic 
action of colloidal sil ver in the reduction of sil ver ions in solu· 
t ions of hydroquinone.8 • 3~ It was shown that in these cases the 
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catalytic action depends upon adsorption of silver ions to the 
si lver, and a corresponding mechanism was suggested to explain 
the greater reactivity of the nucleated silver chloride grains.3~ 

Erbacher 36 had shown that the radius of silver ions is increased 
by adsorption to sil ver, because the metal electron attracted by 

· the ion weakens t he nuclear field of the latter. A similar de
formation, modified by the crystal forces, is to be expected in 
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Fw. 100. Evolution of nitrogen from silver chloride developed with hy
droxylamine (1) without and (2) with the addition of silver nuclei. 

t he case of a silver bromide particle containing a silver nucleus 
such as that produced by light action or partial reduction by a 
develop ing agent. According to James,Jl>l> this deformation may 
be t he basis for the enhanced reactivity toward certain reducing 
agents; namely, the developing agents, which require an appre
ciable energy of activation. If, however, the activation energy 
of the reaction between a reducing agent and silver ions is very 
small or zero, the deformation of the latter at the silver surface 
cannot increase the reaction rate significantly, and no appre
ciable silver catalysis can a rise. 

An electrochemical explanation for the participation of photo
lytically formed silver in the initiation of development is given 
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by the silver electrode theory of Gurney and Mott.37 These 
authors offer a tentative t heory for the mechanism of photo
graphic development in connection with their theory of the 
formation of the latent image. They postulate t hat develop
ment of the grain is produced iu much the same ma1mer as 
formation of the latent image by light exposure. They assume 
that the latent image consists of a clump of silver atoms on the 
surface of the grains. The mechanism by which they suppose 
development to take place can be described as follows: 

The energy level of the electrons in the adsorbed ion of the 
developing agent lies above the highest occupied level of the 
metal and, therefore, when the ion comes into contact with 
t he silver speck of tbe latent image, it releases an electron to the 
silver. Any metallic silver in contact with t he developer t here
fore acquires a negative charge on the latent-image speck, and 
the charge then att racts further positive silver ions existent at 
intcrlattice positions in the crystal. The speck of silver grows 
by the same mechanism as in the formation of the original speck 
of silver comprising t he latent image, in which case the electrons 
are supplied by light action. In this way, Gurney and Matt 
assume that the entire grain of silver bromide becomes con
verted to silver, the bromine presumably passing into the de
veloper as ion to replace the nega.tive charge released by the 
developer. This, however, presents a difficulty: Since it is 
assumed that the developer docs not penetrate into the grain, 
t he bromide ions from the interior of the grain would have to 
migmte t hrough the silver halide lattice. The analogy to the 
latent-image formation does not include this point, since in that 
case the escape of bromine atoms can occur by t he migration 
of electrons. No experimental evidence is available, however, 
for a migrat ion of bromide ions t hrough non-reacting zones of a 
silver bromide crystal. It is improbable, therefore, that the 
continuation of development depends upon the mechanism pro
posed unless it is accompanied by a disintegration of the grain 
which provides for the escape of the bromide ions. 

J. H. Webb • has developed the idea of the silver-electrode 
mechanism in a rather concrete form, combining it with the 
surfn.ce charge theory. As a starting point, he uses the exposed 

•PrivateoommuDicatio.n. 
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silver halide grain, which he represents, for instance, as a plate, 
as shown in Figure 101 , in which the eharged condition around 
the grain is represented schematically. The surface of the silver 
bromide grain itself has an excess of bromide ions, which give 
rise to a negatively charged 
surface. However, just out
side this negative charge, a 
positive layer of potassium 
ions must be present to neu
tralize the negative charge. 
' Vithout such a neutralizing 
layer of positive ions, it \vould 
be impossible for the surfaee 
of the silver bromide grain to 
be covered with negative bro
mide ions, since the amount 
of such a cha rge in so small 

• a region would give rise to 
explosive forces. A double 
charge layer, consisting of 
negative bromine ions on the 
grain and positive potassium 
ions in the gelatin just out- Fw. !01. Electrical condition sur-
side, may be considered to ex- rounding a silver bromide grain. 
ist around the surface of each 
silver bromide grain. Grains with such a double layer (in 
solu t ion) would move under an electric field as negatively charged 
bodies, since the negatively eharged grain would be forced in one 
direction by the field, and the surrounding movable positive-ion 
layer in the opposite direction; but since at any point in the 
liquid t here would be positive ions to form the surrounding posi
t ive shell, the double charge layer would be maintained. That 
the surface charges on the particles and surrounding charge 
layers do neut ra lize each other in the manner outlined is proved 
by the fact that the colloidal suspension does not possess a net 
charge of either sign but is neutral as a whole. 

It may be assumed that a grain, owing to its double charge 
layer, behaves toward out.'3ide charges and a lso those located 
inside the grain as a neutral body. An electron placed inside 



326 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

such a double charge layer would experience no force nor, in the 
same way, would an electron placed outside such a double layer. 
However, there is a marked difference in poteutia l between the 
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F10. 102. l\l odel of an exposed grain containing a latent image. 

inside and outside of the grain, and the total jump in this poten
tia l occurs in the region between the two charge layers. The 
potential gradient between these charge layers accordingly gives 
rise to a strong electrical force between the layers, and an elec-
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tron placed between them would experience a force toward the 
outside. 1t is cousidered that the double charge layer acts in 
this way as an effective potentia l barrier to the entrance of an 
electron into the silver bromide grain of the emulsion and pre
vents the developer from attacking the gruin. 

The condit ions existing in the exposed grain containing a 
latent-image silver speck may be seen in Figure 102. This 
shows a greatly enlarged scale model of a charged grain surface 
wit h a clump of silver atoms on the surface which is supposed 

Fw, 103. Energy diagram of n. developer ion adsorbed to a silver !!peck. 

to represent the latent image produced by exposure to light. 
The clump shown include~ 220 atoms, with approximately the 
correct spacing. This ~ize was chosen as representing a fa ir 
mean of the values given by various workers. 

Webb assumes that development of a grain is init iated by 
the break in the double cha rge layer caused by the silver speck, 
permitting t he negative developer ions to reach this silver speck. 
The latent-image speck is viewed as an electrode penetrating 
into the grain. The tendency on the part of the developer ions 
to releas~ electrons to the silver causes electrons to pass to the 
electrode and charge it negatively. As explained by Curney 
and JVIott, this occurs if the electrons of the developer ions are 
situated in levels above the highest occupied energy levels of 
the silver metal, as illustrated in Figure 103. The penetration 
of this negative electrode into the silver bromide grain upsets 
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the neutral electrical condition previously existing in the grain, 
and there arises an attractive force for the positively charged 
silver ions in the neighborhood of the latent-image speck. Some 
loose positive sil ver ions always exist in the crystal lattice owing 
to temperature motion, and these diffuse to the speck under 
the attraction of the negative charge there and enlarge the silver 
speck. Thus, it is supposed that the original silver speck of the 
latent image continues to grow by this mechanism. As t his 
proceeds, the protective double layer is more and more rup
tured, and a rapidly increasing area of the silver halide grain 
is exposed to the attack of the developer. The reduction of the 
grain therefore proceeds at an ever-increasing rate, and the 
grain is soon reduced throughout to metallic silver. Only in 
the initial stages of development is a silver bromide grain pro
tected from a developer; a nd after the barrier is once penetrated, 
it is developable very rapidly. 
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CHAPTER IX 

THE DEVELOPING AGENTS 

The factors which disc riminate between exposed and unex
posed gra ins in the de velopment of t he latent to a visible image 
and the mechanisms which have been suggested for this process 
are discussed in t he preceding chapter. The p resent chapter 
deals with- the chemical nature of t he developing agents, i .e., 
the reducing chemica ls proper. However, the properties of de
velopers, i .e., de veloping solut ions, depend not only on the 
developing agents but also on the hyd rogen-ion concentration 
and ingredients such as sulfite a nd bromide. If, for instance, 
the oxidized and the reduced forms of a developing agent diffe r 
in their hydrogen content, a change in t he pH will affect the 
activity of the developer. This is discussed from a n electro
chemical viewpoint in the chapter on the redox potentials of 
developing agen ts and de velopers. It presents a kineti c p rob
lem also, inasmuch as the molecu les and the ions of the develop
ing agent in question reduce the exposed silver halide at different 
rates. The pH of t he developer may, fu rthermore, change the 
stability of t he oxidation p roducts of the developing agents as 
well as the potentia l barrier surrounding the silver halide grains 
and thus influence development. The specific condit ions of the 
heterogeneous systems also control the effects of the oxidation 
products which may accelerate or retard development. The 
action of sulfite is manifo ld , inasmuch as it acts as a preserva
tive for the developing agent (p. 382) and as a solvent for the 
sil ver halide. 

In considering the relationship between chemical constit u tion 
and developing properties, it is necessary to remember t hat com
pounds may fail to develop either because t hey do not reduce 
t he sil ver hal ide, r·egardlcss of exposure to light, or because 
they reduce the unexposed grains as well as the exposed ones. 
Whether a compound is a developing agent or not is judged by 
its action in a suitable solut ion on a normally exposed silver 

33 1 
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bromide or silver chloride gelatin emulsion. Compounds are 
disregarded which develop uncommon sensitive layers, such as 
iodide emulsions, but completely fog the common type of emul
sions. Compounds which develop sensitive layers prepared with 
an excess of silver ions o1· without gelatin arc also disregarded 
~f they are not developers for ordinary emulsions. However, 
borderline cases of developing agents of theoretical interest are 
included here even though they are of no practical usc. 

Developing agents can be classified in two groups: those in 
which a metal undergoes a valency change and those which do 
not contain a metal with variable valency. The latter include 
the important organic developers and some inorganic ones, such 
as hydroxylamine and hydrosulfite. The first group contains 
purely inorganic substances, e.g ., ferrous fluoride, and metal salts 
of organic acids, such as ferrou s oxalate and citrate. 

DEVELOPI:-.l"G AGENTS CO:-.l"TAINlNG 1-IETALS WITH 
VARIABLE VALENCY 

A. and L. LumiCre 1 reduced the solution of a pentavalent 
vanadium salt (vanadium pentoxide in acid) with zinc to the 
Qivalent state, filtered out the undissolved metal, and found 
that the solution developed. Tobin 2 found that the exhausted 
solution may be regenerated by t reatment with zinc and sug
gested the system as a perpetual developer. Simi lar developers 
containing salts of chromium, tungsten, and molybdenum were 
reported by Liescgang.3 All these developers arc easily ex
hausted because of the antagonistic action of the oxidized metal 
ions. These diminish the reduction potentia l of the solution 
(Ch. XII) and oxidize metallic silver back to the ion, thus de
stroying the visible image and, in the case of fresh material 
immersed in a used developer, even the latent image. In ferrous 
sulfate, this stale of exhaustion is reached at so low a concentra
tion of ferric ions that ferrous sulfate alone does not act as a 
developer. HO\vever, Ammann-Bras.." .4 found that if he added 
metallic zinc or iron to a ferrous sulfate solution and thus con
tinuously reduced the ferric ions to the ferrous state, he obtained 
a developer. The addit ion of the auxiliary reducing agent 
(metal ) as a separate solid phase prevented its undesirable direct 
contact with the emulsion. The same effect should be obtained 
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by electrolytic reduction or by reduction with hydrogen and a 
catalyst. 

Another possibility for making the oxidized form of the de
veloper innocuous lies in adding a substance which fo rms a 
complex with t he ions of the higher oxidation state. This is 
obviously the mechanism by which ferrous salts become devel
opers upon the addition of fluoride ions. The latter form with 
Fe+++ the complex ion FeF6·---, while Fe++ does not form a 
s table complex with t hem.5 

The developing agents mentioned are active in neutra l or 
acid solutions. They contain the reducing agents proper as 
rather simple cations and show that a mechanism which dis
criminates between exposed and unexposed grains must a lso 
be effective with positive ions (Sec Chapter VIII). The idea 
that developers are substances capable of forming addition prod
ucts with their next higher oxidation products is not supported 
by the type of developers discussed here ; at least, no evidence 
is available at present t hat ferrous and ferric ions combine either 
in solution or when adsorbed. 

The ammoniacal cuprous oxide solu t ion of Carey Lea G may 
be men t ioned as a purely inorganic metal-containing developer 
which works in alkaline solu tions. The a lkalinity of this solu
tion is so high that it absorbs carbon dioxide from the air, which 
is avoided in the a mmoniacal cuprous chloride, bromide, or 
iodide solutions described by A. and L. Lumiere. 7 However, 
for the reasons mentioned above, these developers, too, produce 
only weak images. 

A metal-containing developer which has had great practical 
importance is the ferrous oxalate developer discovered by Carey 
Lea 8 and used in their investigations by Hmter a nd Driftield 
and Sheppa rd and .Mees.9•10 It is made by adding ferrous su l
fate solution to an excess of potassium oxalate solution, the 
whole being slightly acid. The iron in this solut ion is present 
as a complex anion, Fe(C20 4h--, which is stable in the presence 
of excess free oxalate ions, according to the equilibrium 

( I ) 

When the ferro-oxalate is present in solid form, the constant for 
the above equilibrium is 0.37 at 20° C. 
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In its simplest t-erms, development by ferro-oxa-late may be 
formulated as follows : 

Ag+ + Fe(C,O,),-- ;= Ag (met.) + Fe(C,O,), - . (2) 

According to :spectrophotometric data, it may be assumed t hat 
in the presence of excess oxalate, a ll the iron is present as com
plex ion, and the ferric complex becomes Fe(C20 4) 3---. How
ever, the adjustment 

Fe(CtOth- + C20(-- ;::= Fc(C20t)a---, 

according to Sheppard and Mees, does not affect the main reac
tion; therefore, for convenience, the symbols Fe-- and Fe- are 
used for the ferrous and ferric complexes. 

Sheppard and Mees determined, in the presence of bromide 
ions, the ra tio of Fe-- to Fe- above which t he solutions are 
reducers and below which they are oxidizers. Test strips were 
made by exposing areas of plates in a sensitometer. I n the 
reaction mixture, development either took place or was inhib
ited. If the limits were narrowed on either side, upper and 
lower values for the ratio were obtained. The reverse balancing 
method, in which equilibrium is attained from the opposite side, 
consists in determining the concentrations which just bleach or 
fail to bleach the silver of a negative. The following table shows 
the results obtained by this method: 

VIJlu11Ul 
in 

2.') 

" 25 

25 
25 

2.'> 
2:i 

TABLE XV 

Gram-mols. No. of 
(lram-mol8. 
ferroU& iron 

Gram-moM. 
f erric 
iron l.rro~f.uk K ~ : ~.r':J~' 

O.OIXJ092 0.00321 0.00101 
.()C)()()92 .003!j{l .CkHOI 
.000092 .00374 .00101 

0.000040 
.000016 

Valuc!iCII betwe<:n 710 ami 6[,(). 

0.00100 
.001(}.'; 

O.(kHOJ 
.00101 

Va.1uclieR between 710 and 600. 

0.000036 0.00180 0.00101 
.0000.16 .00130 .00101 

V a1ue lie; between 600 and 650. 

710 + 
650 -
600-

710 + 
600 -

Of_>() -
690 + 

The experiments show that for 25 cc. in N / 25 bromide, the 
concentration of ferric ion must be thirty-six times that of the 
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ferrous for the system to be in equ ilibrium. The last column 
gives values fo r an equilibrium constant K, which was derived 
as follows: 

The concentration of t he silver ions in solution is determined 
by that of the free halide ion. For silver bromide, 

Ag+ + Br- ;::::! AgBr (solid). (:l) 

From equation 3 it follows that 

the concentration of metallic silver in the presence of solid silver 
being constant. Since, from (3), 

[Ag+J[Bc] = constant, 

[Fe--] 
[Fe- ][Br- J = constant, K . 

The establishment of an equilibrium in solution was one of the 
ba..'lie assumptions in the Ostwald theory of photographic devel
opment, but the existence of an equilibrium va lue at the end of 
development would be expected with any other mechanism. 
The concentration of the solution at the start of development 
would also be significant, regardless of the mechanism proposed. 
The Ostwald theory of development, however, assumes a rapid 
enough exchange between a sil ver bromide grain and the solu
t ion during development for the procedure to be governed by 
the concentration of the silver in solu tion, whereas in most of 
the other mechanisms the changes inside the grain are con
sidered significant for the rate of development. This kinetic 
aspect is t reated in the preceding chapter. It does not affect 
the t hermodynamic considerations discussed in these paragraphs. 
In the experiments mentioned, the equilibrium values were de
termined by varying the concentrations of on ly Fe-- and Fe-. 
The same applies to the values forK (685, 674, and 653), which 
were obtained at a dilu tion of 100 cc. by another interesting 
method. 

The photographic plates carrying developed images are placed 
in a solution of ferri-oxalate and potassium bromide, and the 
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' silver bromide formed is determined. Thus, if the original den
sity is Do and the final density is D, if m and n are the factors 
for converting densil..ies into concentrations of ferrous and ferric 
ions and bromide. respectively, and A is the plate a rea, 

m or n(Do - D)A 
100 

is the change in concentration. Calling this c or c', 

Fe-- + c 
(Fe c)(Br c') ~ K. 

This method gives only an upper limit to the equilibrium con
stant; near the equilibrium point the reaction proceeds very 
slowly, and atmospheric oxidation, though reduced as far as 
possible, introduces large enors. 

T he bromide concentrat ion in these experiments at a dilutiou 
of 100 ce. was again constant and identical with that recorded 
in Table XV.* However, a variation in the concentration of 
the bromide from N / 10 toN / 50 again gave (with the balancing 
method) K values of 686, 670, and 682. 
' Other ferrous salt-containing developers with organic acids 

are made wil..h the lactate, salicylate, citrate, tartrate, and for
mate. They are less effective, however, than the oxalate devel
oper, particularly the last three mentioned. These developers 
a re used in slightly acid solutions, the amount of acid having 
no effect on the rate of reaction unless it is very high.1° Ferrous 
succinate is recommended for use in slightly ammoniacal solu
t ion. Some developers of this type described by Carey Lea H 

are on t he alkaline side. As a developer containing a cuprous 
salt with an organic acid, the ammoniacal cuprous oxalate ti 
might be mentioned. 

T he stability of complexes formed by the ferric-ion with citric 
acid, Fe~(C6H~01h---, malonic acid, Fe(C;H20~)3---, and 
oxalic acid, Fe(C20 4}J---, has been confirmed by means of 
potentiometric t itrations.12 The same investigation proved that 

* In T:~ble 4, "lnvcsti~rntioru on the Th,.,ry of tho;> Photownphie ProceM," Sheppard 
and l\lecs, tho dceim nl point in ono of tho \'Crtical columns is mi~J>I:o~l: aerordinl[ to til<' 
\'alu\'8 given ~hero, K would he 71 instead of 710. Sin<:<J the ratio of Fe-- : Fe- iR Rt~t.P.<l 
toheJO. the orrormustheinthobromide, theeoneentrationofwhiehehouldheO.OO IOl, 
notO.OIOl. 
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the tendency of the ferrous ion to form complexes with these 
acids is comparatively negligible. 

I NORGA NIC NON<METAL·CON TAI NI NG DEVELOPING AGENTS 

Sodium hydrosulfite, Na2S 20 4, was first mentioned as a de
. veloping agent by Eder 13 and repeatedly investigated latcr.H 
The solu tions are very unstable. They absorb atmospheric 
oxygen rapidly in a reaction which seems to be catalyzed by 
silver part icles, and , in the absence of air, the developer deteri
orates by t he reaction 

Moreover, the developer made up with an equal weight of sulfite 
and the usual bromide content fogs chloride and bromide emul
sions considerably; i.e. , it does not discriminate sufficient ly be
tween exposed and unexposed grains, and the fog increases with 
the acidi ty of t he solutions. The developer is, howe ver, accord
ing to Liippo-Cramer,t" suited for the processing of iodide emul
sions. It is, t herefore, an interesting example of an inorganic 
developer which is too active for the usua l emulsions but sui table 
for one which is more difficult to develop. The situation is, on 
another level, similar to t hat in which the ordinary developers 
fog emulsions prepared with an excess of silver ion or fog gelatin
free silver bromide layers, while weaker developers produce 
images in these layers.16 

The disadva ntages of sodium hydrosulfite are not overcome 
by using the mixture of formaldehyde sodium sulfoxylate (Ron
galite C) a nd sodium bisulfite, which forms sulfoxylate and 
hydrosulfi te : 17 

NaH S02CH 20 + NaHS0 3 ._ NaH S03CH20 + NaHS0 2, 
NaHS0 2 + NaHS03 ._ Na2S20• + H zO. 

Unlike Rongalite C a lone, which does not act as a developer, 
t hese solutions develop ; but their behavior is the same as tha t 
of solut ions of sodium hydrosu lfite itself. 

A solu tion of sodium hydrosulfite and sodium bisulfite with 
a high content of potassium bromide, which is readily prepared 
from the mixture of these sa lts and is stable in the dry state, is 
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described by Scyewctz 18 as a good desensitizing developer for 
several negat ive emulsions. White and Weber u mention a de
veloper cont:tining 20 grams of sodium hydrosulfite, ao grams of 
sodium bisulfite, and 7 gram.o.; of potassium bromide per liter as 
an energetic inorganic solution which develops little fog unless 
development is pi'Olongcd, and Brooks and Blair 20 describe a 
hydrosulfite developer which is activated by cysteine. 

Sodium sulfite itself in carbonate alkaline solution, according 
to Schaum and Braun,21 is a developer. Its action is so slow, 
however, tha t it cannot play a role in the usual sulfite-containing 
develoPers. T he observation that the developing agent under 
an atmosphere of hydrogen is of still lower activity than in the 
presence of air ma.y indicate that the action of sulfite as a 
developer is connected with its autoxidation as a coupled reac
tion . According to Bcukers,22 sulfite in the presence of 0.01 N 
potassium bromide at 25° C. does not reduce silver bromide. 

Hydrogen peroxide, HO- OH, hydroxylamine, H 2N-OH, 
and hydrazine, H2N-NH2, are particularly interesting non
metal-containing inorganic developers, because they can be con
sidered the direct combinations of Ow "effective groups" of the 
tnost important organic developers.23 Hydrogen peroxide acts 
as a developer in rather strongly alkaline solution and produces 
an image in about five to ten minutesY ·without alkali it does 
not develop. 

Hydroxylamine was first described as a developing agent by 
Egli and Spiller 25 and further investigated by Sheppard and 
.Mees,25 Nichols,27 and James.28 It is a weak developer in alka
line solution, forming bubbles in th~ emulsion, obviously of 
nitrogen a.nd nit rous oxide. 

Hydrazine was shown by Andresen 2~ to be a. weak developer 
in strongly a lkaline solution. It also forms bubbles of rlitrogen 
in the emulsion. 

ORGANIC DEVELOPING AGENTS WITHOUT METALS 

The first group of organic non-metal-containing developing 
agents to be discussed are the homologues of the inorganic 
substances mentioned above, in which one or more hydrogen 
atoms arc replaced by organic radicals (see (A) below). Such 
derivatives of hydrazine, H 2N- NH 2, are, for instance, phenyl-
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hydrazine, C)-NH-NH2, and hydrazobenzene, 

C)-NH- NH-Q; 

of hydroxylamine, H 2NOH, phenylhydroxylamine, 

C)-NHOH. 

These developing agents contain the undivided radicals of the 
inorganic developers as characteristic groups to which they owe 
their reducing properties. No developing agent of outstanding 
importance has been found among these compounds. The prac
tically important developing agents may formally be considered 
as derived from hydrogen peroxide, hydrazine, and hydroxyl
amine by inserting an organic divalent radica l between the two 
hydroxyl or the two amino groups, or between the hydroxyl and 
the amino group, respectively (see (B) below). They are not 
homologues of their inorga nic prototypes, since they conta in the 
radicals of the inorganic developers not as such, but " split " into 
the amino and hydroxy l groups. The inserted organic divalent 
radical, however, as is shown later (p. 359), must fulfi ll certa in 
conditions for the resu lt ing compounds to develop the latent 
image; and these conditions are such as to establish a closer than 
formal resemblance to the inorganic prototypes . 2 ~ Among the 
compounds (see (B) below), some organic developing agents of 
different types are discussed, which , though unimportant in prac
tical use, are interesting theoretically. 

(A) No data indicate that organic peroxides have developing 
properties under conditions where hydrolysis with formation of 
hydrogen peroxide is excluded. 

A. and L. LumiCre and Seyewetz ao tested phenylhydroxyl

amine, C)-NHOH, soon after its discovery and found t he 
aqueous solution to be a developer. This solution is alkaline 
because of the properties of phenylhydroxylamine itself and, at 
variance with the isomeric p-aminophenol, no addition of alkali 
is necessary or even desirable, since it promotes fog. However, 
the addition of 1 to 4 per cent of sulfite improves the power of 
the developer, obviously by increasing the pH; and the forma
tion of fog can be hindered by the addition of bromide. o- and 



340 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

p-tolylhydroxylamines and o- and p-xylohydroxylamines 31 show 
similar propert ies. The alipha tic hydroxylamines,* dimeth yl-, 
diethyl-, and di-,B-hydroxyethy l-hydroxylamine with the formu
las R 2NOH (R = -CH a, - C2H 5, - CH2- CH2- 0H), act as 
weak developers in 0.5 per cent solutions which contain 4 per 
cent sulfite and 0.5 per cent sodium hydroxide. The particular 
usc of phenylhyd roxylamine oxalate as a developer a nd in devel
opers beca me the subject of patents in 1921, 1924, and 1928;12 

I n 1885, J acobsen 33 disclosed as developing agents pheny l

hydrazine, Q-NH- NH2, various hydrazines of benzene 
homologues, a- and 13-naphthylhydrazine and, later on,34 ali
phatic hydrazines and carboxylic acids of aromatic hydrazines. 
VotoCek 3" added to this list diphenylhydrazine, 

CA 
~N-NH2, 

hydrazobenzene, Q-NH- NH-Q, di hydrazinodiphenyl, 

H 2N-HN-Q-O--NH-NH 2, aminourea, 

/NH- NJ-12 

co""-NH2 ' 
and aminoguanidine, 

~~~-NH2. 
""-NH2 

(ll ) T he substances to be discussed next, are thoRe which may 
be considered derivatives of "split" hyd roi!;Cil peroxide, hy
droxylamine, or hydrazinc. Among t hese arc all the important 
organ ic developing agents. 

Pyrogallol , 

was the first compound belonging to t his group which was found 
to have developing properties. Archcr 36 used it in 1850 and 

• I', " ' · Vittum. private communieation. 
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Regnault and Liebig 37 in 1851 to develop wet collodion plates 
in an acid solution; and when gelatin dry plates were intro
duced, its alkaline solution was found to be a useful developer 
for silver bromide emulsions. Gallic acid, 

on the other hand, which had been introduced into photography 
in 1840,38 does not develop gelatin dry plates. Under extreme 
conditions (2 per cent de veloping agent, 2 per cent sulfite, 1 per 
cent sodium hydroxide, 5 minutes at 4.3° C.), it can be made to 
develop gelatino-silver chloride pa.per.* 

Hydroquinone, HO-C)- OH, was described as a develop
ing agent in 1880 by Abncy; 3~ catechol, 

by Eder and Toth in 1880. ~0 Andresen discovered that p

phenylenediamine, NH 2-C)-NH2 (1888),4 1 p-aminophenol, 

HO-C)-NH2 (1891),42 o-a.minophenol, 

HO-D 
H,N 

(18!)1) , and o-phenylenediaminc, 

H,ND 
H2N 

(1891),42 are developing agents. On the other hand, resorcinol, 

~OH 
HO~ 

(Eder and Toth, 1880), m-aminophenol, and m-phenylenedi-

• P. ,.,.-_ Vittum, privnto communication. 
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amine (Andresen, 1891) do not develop the latent image . The 
test to which the materials were subjected is illustrated by the 
following quotation: 

"A silver bromide plate which had been given tho right exposure 
under a contmsty negative, after three minutes did not show any 
trace of an image with a solution of resorcinol (1 : 50) to which 
had been added 4 mol sodium hydroxide." 

The properties of these developing agents vary considerably 
with the conditions of the solution. Hydroquinone, for instance, 
is not a useful developer fo r silver bromide in acid solution, and 
in alkaline media the rate of development increases greatly with 
the pH. The dependence of developing properties on the pH 
is different with p-aminophenol and with p-phenylenediamine, 
which, in turn, differ from each other. Amidol, on the other 
hand, develops even when acid and other substance's which have 
been described as lacking in developing p roperties under normal 
conditions acquire them in very strongly alkaline solutions. 

Attempts to establish the relationship between chemical con
stitution and developing properties of organic compounds were 
made simultaneously by A, and L. LumiCre 43 and hy Andre
sen 23 ·u.H in 1891. The results of these papers may be combined 
as follows : 

I. Compounds of the aromatic series which develop the latent 
image contain at least two hydroxyl, or two amino, or one 
hydroxyl and one a.mino group. 

2. In benzene derivatives, these groups must he in the o- or 
p- positio ns to each other. The corresponding m- compounds 
are not developing agents. 

3. Substitution of hydrogen atoms in the amino groups by 
alkyl groups does not injure the developing property, while it 
is destroyed by the same substitution in the hydroxyl groups. 

4. Substitution of hydrogen atoms in the ring by further hy
droxyl or amino groups, alkyl groups, or halogen atoms, does 
not in terfere with the developing properties of the compounds. 

5. For polynuclear aromatic compounds, the same rules apply; 
i.e., the additional nucleus acts as an alkyl substituent. How
ever, in some cases the characteristic groups may be distributed 
between the nuclei; for instance, 2,6- and 1,5-dihydroxynaph-
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thalene, 

are developers. 

These rules are illustrated and amplified by the following: 
The effect of various substituents in t he hydroquinone nucleus 

i.s shown by Table XVI, which has been compiled from an article 
by A. a nd L. Lumiere and Seyewetz 4b wherein these authors 
summarize their work on the subject: 

TABLI~ XVI 

REI.AT!n: Dt.:v.:LOI'INO "PowER" 

H H H H H H 

:~:~Cl~l >B•¢B• ~¢,B• >~ >¢> 
H H H H H H 

H H II H H . H 

(yn• ~I!O~,B• > ~'"'I ~ HO*l > (y'lO,H ~ (yNo, 
yso~H y y'SO,H y y y 
H H H H H H 

{ ""- almOiltcqunl.) 

The authors state, furthermore, that toluhydroquinone is more 
powerful than hydroquinone and that dinitrohydroquinone is not 
a developing agent. According to Pavolini,~ dicyanohydro-
quinone, 

H 

~:· 
H 
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and dihydroxyphthalimide, 
H 

O>H. 
0 0 
H 

do not develop the latent image. I n another paper, A. and L. 
"LumiCre and ticycwetz 47 deal with ketones like 

H H II 

Q9 A:ocH, ?tAli·! y9 o-C) and (YC~;P 
Von no\)'On 
COCHl 0 

II H II 
Substitution of the keto group in t he nucleus of a developing 

agent does not appreciably change the power of the developer if 
the keto group has an aliphatic radical or an aromatic radical 
which is not substituted by hydroxyl. Hydroxyl in the second 
Jlucleus, without regard to its position, is said to destroy the 
developing action. 

Gal lacetophenone, 
II 

~;, 
behaves in a manner similar to methyl or ethyl gallate. These 
gallic acid esters and the acid amide, gall amide,48 are developing 
agents similar to pyrogallol, whereas the acid itself develops 
only under extreme conditions (p. 341). Catechol, protocate-
chuic ester, 
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protocatechuic amide,48 and protocatechuic aldehyde 49 are de
veloping agents of normal strength; and the acid is reported not 
to be a developing agent. The difference between the esters 
and the acids, according to Homolka,r.o is not explained by the 
acid function as such, since the influence of the sulfonic aeid 

.group on the developing action is much smaller than that of 
the carboxylic acid group. The effect of the latter might be 
understood if it masked a hydroxyl group in the para position. 
Homolka justly rejects the possibility that the carboxylic acid 

· group forms an ester with the hyd roxyl group in the para posi
tion because this is unlikely to exist in alkaline solut ion and is 
impossible for steric reasons. However, according to Armstrong, 
James, and Weissberger,M the divalent ions of p-hydroxyphenyl 
carboxylic acids can be formulated with the benzenoid constitu
tion I and with the quinonoid constitution Ia (p . 346). Both 
forms, according to the theory of resonance, contribute to the 
structure of the divalent ion and thus stabilize this ion and mask 
the hydroxyl group in para position to the carboxylic group. 
With the diva lent ions of the analogous sulfonic acids, no reso
nance of a similar degree exists. A double bond between the 
sulfur atom and the carbon atom to which it is attached is very 
improbable, because it 'vould increase the number of covalent 
bonds of the sulfur beyond four. On the other hand, catechol 
o-carboxylic acid, 

which has no carboxylic group in para position to the hydroxyl 
group, · a lso is a weak developing agent and thus exhibits the 
masking effect of the carboxylic acid group on a hydroxyl group; 
hydroquinone monocarboxylic acid (gentisic acid) shows the 
same behavior. Here, obviously, an ortho-quinonoid structure, 
II (p. 346), stabilizes the ion and masks the hydroxyl group in 
ortho position. In this connec tion, it may be mentioned further 
that the strong depression of the developing activity of hydro
quinone by the introduct ion of a nitro group is also accounted 
for by the possibility of resonance, namely, between the forms 
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III and Ilia of the doubly charged ion. 

§ -o-

)~ ;oo 0 Oo' \l:o~ " "'o/ 
' /c, / '/c: / " ,-N ~ / :o:;~: /0, /0 /o, /o, /o, /o, /0 , /0 

Ia II III lila 

Some comparative data on gentisic acid and its derivatives, 
which exhibit behavior similar to that of the protocatechuic and 
gallic acids and their derivatives, are given in T able XVII.51 

lJe!Jelopifi{JAgoU 

Hydroquinone 

Ge11tisic aldehyde 

Gentisic aldoxime 

Gentisic acid amide 

Gentisic acid methyl ester 

TABLE XVII 

DevelopiWJ Rata X 10' 

Ha-Q-c>H 10.5 

RoO~ 3.75 

~HNOH 

H~H 6.0 

~ONH, 

H~-OH 9.4 

~'01CH, 

H~H 4.45 

The developing rates were determined with a normal motiou
picture positive emulsion as t he slope of the 1', t curves at 
1' = 1.5, the developing agent (0.01 mol) being used in a solu
t ion containing sodium sulfite, 16.0 grams; sodium carbonate, 
16.0 grams; and potassium bromide, 0.4 gram per liter (pH 10.6). 
Gentisic acid is too inactive a developer for a good test to be 
obtained in the preceding formula. A rough test, employing a 
caustic formula and silver chloride developing-out paper as the 
photographic material, indicated that the development rate with 
t his agent is only about one-tenth that of hydroquinone mono
sulfonic acid under the same conditions. 

•-indicat.estwooloctroiUI. 
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Results similar to those registered in Table XVI \Vere obtained 
when t he influence of substituents was studied in p-aminophenol 
and in p-phenylenediamine. "2·&3,M,M p-Aminoxylenol reduces not 
only the exposed grains, but rather strongly also the unexposed 
ones. 

TABLE XVTTI 

RJCLA'!TVE DEVEWPI)IQ "POWER" 

Of the compounds which combine more than two OH and 
NH2 groups, 

OH 

0' and 

'NH, 
NH, 

OH 
H,NII 

YcH• 
NH, 

are of about equal developing power but are surpassed by 

CH,o\)HNH, ()NH, 
· 1,2,5-Triaminobenzcnc, , 

Nl:l2 
Nl:l2 NH2 

is a strong developer if the hydrochloride is added to sodium 
sulfite solution, and still stronger is 

N H 2 

H,CII 

VNI:II 
NH1 
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which is about equal to amidol, 

ONH, _ 

NJ-I! 

The latter produces an energetic developer even 'vithout alkali, 
and 2,4-diaminoresorcinol, 

0\)~NH, ' 
'OH 

NH2 

has t he same property.:;; 2,4,G-Triaminophenol and 2,4,5-tri
amino-3-hydroxypheno\ a rc sa id to develop only weak images. 
The explanation that development is stopped by the oxidat ion 
products is not very plausible, and a reinvestigation of the com
pounds used might be warranted. 

With p-aminophenol and p-phenylcnediamine, besides substi
t ution in t he nucleus, replacement of hydrogen atoms in t he 
amino groups offers possibilities for variation. p-Hydroxy
phenylaminoacetic acid, photographic "glycin," 

OH 
HNCI-T2C02I-I 

is weaker as a developer than p-aminophenol. T he acid amide 
of this compound is described as an energetic developing agent.'>6 
p-1\i!ethylaminophenol is a stronger developing agent than p
aminophenol, and the alkyl p-phenylenediamines b7 and their 
glycine derivatives,~ e.g., 

(CH!h 
N 

l9CH,CO,H 

arc claimed to be stronger than the parent substance. 
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Desalme r.~ and A. and L. LumiCre and Scyewetz 60 investi
gated numerous derivatives of p-phenylenediamine and p-amino
phenol in which a hydrogen of the amino group was 1·eplaced 
by an aromatic sy~tem. Sulfonation was used to counteract 
t he loss in ~olubility with the increasing size of the molecules. 

0 
Nil o,so,n 
OH 

(Pyramidol) 
H 

(CI!,),N'o:::o'N(CH,), 
Phenyl substitution of the amino group markedly diminished 
t he energy of t he developer but did not destroy it. The intro
duction of amino and hydroxyl groups into the benzene nuclei 
augmented t he developing energy. A further linkage between 
the nuclei by oxygen (or sulfur or t he imino group), as in the 
last example, destroyed t he developing property, in spite of t he 
fact that compounds with t he formulas so obtained form quino
noid products when oxidized (p. 355). 

An interesting cln.ss of developing agents in which one of the 
characteristic groupl!l is pa rt of a heterocyclic nucleus is illus
trated by the following examples: 

II 
NJn, 
\)," H, 

!';l" 
II n, 

HOYY)n, 
v ,.,..),-CHa 

~ H 

1-h 
H,N~, 

~N)H~ 
ll 

H,N'(J- H,c 

v),, 
H 
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The 1,2-, 2,1-, and 1,4-aminonaphthols, and 1,2- and 1,4-
dia.rninonapht.ha lenes are developing agents. 1 ,5-Diaminonaph
t halene is not a developing agent.sa An invest igation of the 
dihydroxynnpht halcncs is described on p. 356. 

The following rules which regulate the power of developing 
agents were summarized by Nietz 61 from the papers by A. and 
L. LumiCre and Seyewetz and Andresen: 

1. Developers having the two groups (OH, OH; N H 2, N H 2 ; 

OH, NH 2) in the para position a.re more powerful t han t hose in 
which the groups are in the ortho position. 

2. The dihydroxybenzenes are more powerful than t he amino
phenols, which, in turn, are more powerful than t he diamino
benzcnes. 

3. Subst itut ion of acid groups (COOH, SOaH, etc.) for hydro
gen in the benzene nucleus lowers the energy of the developer. 

4. Subst itut ion of chlorine or bromine for hydrogen in the 
benzene nucleus increases the developing energy. 

5. With two hydroxyl groups only, a lkali is needed. 
6. \Vith t wo amino groups only or wit.h one - OH and one 

- N H 2 group, t he developer functions without alkali. 
' 7. If the reducing agent contains a mixture of three or more 
- OH and -NH 2 groups, the developing energy is greater with
out a lkali than it is wit h alkali when the developing funct ion 
exists singly. 

8. Substitut ion of an alkyl group in the - NH 2 group of an 
aminophcnol raises the (photogrnphic) reduct ion potentia l. 

9. If t he - N H2 group of an aminophenol or diamine is sub
stituted to give a glycine, the (photographic) reduction potential 
is lowered. 

Terms like ''activity,' ' '' power,'' and '' strength ' ' a re equivoca l 
if used to cha racterize chemical substances, even if they are 
applied to a definite reaction. They may refer to the rate at 
which t he rcact.ion proceed:,; or to the degree of complet.ion which 
a reaet.ion, pa rticularly a reversible reaction, reaches. T he rate 
of development is d iscussed in Chapter X I , and the electro
chemical reduction potential$ of developing agent..-,, in Chapter 
X ll. Great difficult ies arise in the measurement and in the 
interpretat ion of these potent ials because of the instability of 
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the oxidation products and the ensuing irreversibility of the 
systems. Furthermore, the significance of these potentials is 
limited because they are only one of the various factors which 
are important in development. 

Methods of obtaini ng quantitative data on developing agent.s 
under more "natural " conditions were therefore used by Shep
pard 65 and by Nietz . These methods are discussed in detail in 
Chapter X I , since they involve the kinetics of development, but 
it is convenient to mention them briefly here so t hat the results 
may be applied to the developing agents discussed in this chapter. 

Abegg 66 proposed that the reducing energy of a developer 
should be characterized by the concentration of bromide it could 
just overcome. According to Sheppard, however, this method 
cannot be used for organic reducers. Sheppard, therefore, de
termined the depression of density produced at a given degree 
of development for a given concentration of bromide and com
pared it with the depression produced by bromide in ferrous 
oxalate developer: 

"For this, the numerical relations were known. !lD, the constant 
depression, is proportional to the concentration of bromide ion and 
inversely proportional to the time of development. Hence, if the 
depression with the other (organic) developer be measu red, then 
the concentration of bromide necessary to produce with ferrous 
oxalate the same depression at the same degree of development 'Y 
can be calculated, and this affords a numerical comparison of the 
developing energy compared with ferrous oxalate." 

Sheppard 's results for the concentration of bromide producing 
the same retardation as N / 100 bromide with ferrous oxalate are 
given in the following tab le: 

TABLE XIX 

DetoeWpiuy Agent 

Ferrous oxalate, Fe(C.O,).-
Hydroxylnmine, 1\'H,OH 
Hydroquinone, c .H,(OH), 
JrAminophenol, c .H,(OH)NH, 

BromidcConccniratio" 

0.01 N 
0.0113 N 

0.0052 !'\, 0.0073 N 
0.034!'\ 

Nietz used a more elaborate procedure to determine relative 
reduction potentials, which, in distincLion to the electrochemical 
reduction potentials, arc designated as bromide potentials. The 
power of a developer is measured by the concentratio\1 of bra-
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midc required to produce a given change. The mechanism of 
the bromide action is connected by Sheppard and Nietz, on the 
basis of Abegg's theory of photographic development, with the 
decrease of silver ions in solution caused by the bromide ions. 
The assumption that the bromide acts by its adsorption to the 
grains and that the developer has to work against this hindrance 
is more in agreement \vith recent evidence. However, Nietz 
himself states that 

"taking all the evidence into account, it is not justifiable to assume 
that it (the deerea.<;e in the concentration of si lver ion) is ever the 
only effect or always the chief one." 

Tables XX and XXI give the bromide potent ials ('Ira,) deter
mined by Nietz and show the compounds arranged according 

TABLE XX 

RELATIVE REOUCTI0:-1 POTENTIALS (BRO)IIOE POTEXTIAL8) 

.,, 
Ferrousoxnlo.tc 0.3 
p-Phenylcncdiaminc hydl"()(!h!oridc, no alkali 0.3 
p-Phcnylcnediaminc hydrochloride, plllll alknli 0.4 
N-Mcthyl-p-phenylencdiamine hydrochloride, no alkali 0.7 
Phenylhydrazine < 1.0 
Hydroquinonc 1.0 
2-Hydroxyhydroquinone > 1.0 
p-Hydroxyphenylglycine (glycin) 1.6 
Hydroxylamine 2.0 
Toluhydroquinone 2.2 
N-JI.tcthyl-p-phcnylenediamine hydl"()(!ilioride, plus alkali 3.5 
N-Dimcthyl-p-phcnylenediaminc hydrochloride 5.0 
p-Hydroxydiphcnylaminc <6.0 
o-Hydroxymethyl-p-urniuophenol <6 0 
o-1\lcthyl-m-isopropyl-p-aminophenol <6.0 
p-Aminophcnol 6.0 
Chlorohydroquinone (Adurol-Hauff) 6.(}-7.0 
Pyrocnte<;hol 7.0 
p-Amino-<>-ercsol 7.0 
p-Amino-m-ercsol 9.0 
Dimcthyl-p-aminophenol sulfate 10 0 
Dichlorohydroquinone 11.0 
Pyrogallol 16.0 
Mcthyl-p-aminophcnol sulfate (metol) 20.0 
Bromohydroquinone (Aduroi-Schcring) 21.0 
Dibromohydroquinonc 21.0 
p-Methylamino-o-crcsol 23.0 
2,4-Diaminophcnol (Amidol), plus aJkali 30-40 
Thiocn.rb:ltnide (Thiourea) .':0 
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TABLE XXI 

R ELATIVl: R£DUCTIOX POT&NTT~Ul (BROMIDE POTT.XTI~L.'~) 

6' Q 
XH, OH 

Q o:: 
N H. 

0.3-o.•l 1.0 6.0 16.0 

Q1" ~~~ rY"' Q1",.c• (Y· 
I '6;: ~~ H Cl~ 

1.0 > 1.0 2.2 6.(}-7.0 11.0 21.0 21.0 

o· ·oCH. oCH.). 
1\H. XH2 NH2 

0.3-{1.4 0.7-3 .. "> 5.0 1.0 

HN-CH.-C) NH. OH Hx-C) 

b:• (I (I n,c~H(CH,), (I 
'iT ~ NH. ~ 

1.6 2.0 < ;).0 ;).00 <6.0 < 6.0 

~' ll~ll 6' o~;H, (Ycu, (;CH,), o~H, I~CI::. 8,H, 
~ OHOH~~ OH~'C 
<6.0 6.0 7.0 9.0 10.0 20.0 23.0 :JJ-40 

to their structures. These figures have often been quoted by 
writers on t he subject, and probably more reliance has been 
placed on their quantitative significance than is justified by the 
fa.cts or, indeed, by Nietz' repeated warnings. Undoubtedly, 
an extended study of the depr.::ssion of density for different 
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developing agents by the addition of bromide is much to be 
desired. On the whole, the data of Nietz' tables confirm the 
results of the eal'iier workers. They disagree, however, with the 
statement that the dihydroxybenzcnes are more powerful than 
the aminophenols. The bromide potential is, in agreement with 
(p. 350, 4), raised by substitution of halogen for hydrogen in the 
benzene nucleus; and it is also raised by the introduction of 

TAULE XX II 

Jb:uu c •; u AND OxiDIZED STATES (SIMPLIFIED) OJ' SoME DEVEI.OPTNG AGENTS 

01-1 0 

Q 0 (XH (X -
H 

0 

OI-l 0 OJ-I 0 

0 0 0 0 
NH, !I;"}{ NR, ~R, 

NH. NH NH 2 

Q 0 0 0 
NH1 NH NR, 

a lkyl groups. The position of t he subst ituents hal'; an influence, 
as shown by the t wo aminocresols. Introduction of alkyl groups 
into the amino groups of 7J-phenylenediamine and p-aminophenol 
raises the bromide potential in agreement with (8), and a 
differentiation according to the size or nature of the groups 
appears to be poss ible. The acidic - CH 2C0 2H group, how
ever, lowers the potent ial in accordance with (9). 

Properties of chemical compounds may be exhibited by the 
compounds as such ; e.g., color, crystal form, vapor pressure, 
melting point, or they may become evident only while t he com
pound changes its chemical individuality. The property of being 
a developing agent belongs to the latter class. The significance 
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for that property of the chemical changes which a compound 
can undergo has been discussed by several authors. 1 t is con
sidered in the following paragraphs, together with t hose com
pounds which, by the rules given on page 350, would not be 
expected to be developing agents, though a more fundamenta l 
discussion would expla in their developing pr-operty. 

Andresen 42 points out that aromatic pam-dihydroxy, -diamino 
or -hydroxyamino compounds, which are developing agents, form 
quinone or quinonoid substances when oxidized and that the 
ability of t he ortho derivatives to develop the latent photo
graphic image is connected with the fact that they, too, form 
quinonoid oxidation products. 

The simple benzenoid developing agents with their quinonoid 
oxidation products are listed in the following table to illustrate 
the fundamental possibilities. The actual fa te of the developing 
agents in a developer, which is usually much more complex, is 
discussed in Chapter X, as far as it has been investigated. 

With tetra-alkylamines, 

6\, might form 

Nltz 

it is probable that the loss of one or both of the amino groups 
occurs, and 

Nnz 0 and quinone result. 

0 

The tendency of oxygen to form oxonium-ion is so much 
weaker than that of nitrogen to form ammonium-ion that 0-alkyl 
substituted hydroxy compounds do not develop, while the ter
tiary N-dialkylated amines are powerfu l developing agents. 

According to Desalme,67 developing agents a re capable of 
quinone formation and of condensation with their quinonoid 
oxidation products, and Abribat 611 suggests that substances act 
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as developers if they are capable of forming quinonoid com
pounds on oxidation, even if they do not follow Lumiere's and 
Andresen's rules. H owever, the experiments of Abribat 68 and 
La.nger,u showing t hat leueo bases of t riphenylmethane dyes, 
e.g., of malachite green and fuchsin, are developing agents , could 
·not be repea ted by other aut hors.70 

T hese statements concerning the connection between the fac
ult ies of developing and forming quinoncs bring to mind t he 
work of Luther, Leubner,71 and Staude 72 (p. 318). These authors 
investigated the influence of the oxidation products of the de
veloping agents on the init ia tion of development , and Staude 
suggested t hat developers are subst ances capable of forming 
addit ion compounds with t heir oxidation products. T he latter 
property is common to many compounds which a re oxidized to 
quinonoid products, wit h which the unoxidized bcnzenoid sub
sta.nccs form quinhydrones or semiquinones. James and Weiss
berger ra show that these semiquinoncs are highly 1·cact ivc and 
that the catalytic action of the quinones in the autoxidat ion of 
hydroquinones, and possibly a lso in development, is due to the 
formation of these highly reactive semiquinones. 

Andresen und Leupold H investigated eight of the ten possible 
Uihydroxynaphthalenes : 

I • s 
OH OH OH 

0? w" QJ HMH 
6 

C~I HO OH Hm co ro:: "W" 
" 1 a nd 2 a rc ext raordinarily energet ic; 3 and 4 arc of medium power ; 
5, 6 and 7 wm·k slowly; 8 docs not exhibit a reducing power for the 
latent image even on prolonged t reatment." 

Of these compounds, 1 to 5, and 7 can form quinones, but no 
1,8- (Compound 6) or 2,7- (Compound 8) naphthoquinone can 
be formula ted ·according to Kekule's theory. As expected, 8 
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does not act as a developer; however, 6 constitutes an exception 
to the quinone ru le. 

Analogous to the dihydroxynaphthalenes, in whjch the hy
droxyl groups are not attached to the same nucleus, is the case 
of hydrocoerulignon, 

HO ~ --1 '1" ~ H, 
H,C~CH, 

H,CO - CH, 

which is obviously a developer n owing to the ease with which 
it is oxidized to coerulignon, 

H§~~H' . 
H3C~CH, 

p-Diphenol, on the other hand, does not develop under the same 
conditions. The methoxy groups strongly enhance the develop
ing properties of the compound. The example of hydrocoeru
lignon fits the quinone rule perfectly. On the other hand, it is 
not in agreement with the suggestion 23 that in a polynuclear 
developing agent at least two hydroxyl groups must be attached 
to the same nucleus, just as various dihydroxynaphthalenes do 
not obey this rule. 

To the developing agents with pairs of hydroxyl or amino 
groups, or a hydroxyl and an amino group, attached to aromatic 
systems, there have been added in recent years a number of 
aliphatic compounds. A solution of ascorbic acid 

OH OH 

~ 
CH,OH-GHOH-6 6...o 

I~"o/ 
develops slowly in the absence of alkali; in the presence of sulfite 
and carbonate, it is a useful developer. 7& Oxytetronic acid ?G 

OH OH 

6=6 

H,6 6...o 
y 
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' and furoin 73a 

have developing properties with some silver chloride emulsions, 
and dih ydroxyacctone CH 20H- CO-CH 20H (;I develops in 
caustic alkaline solu tion. The latter two substances act as re
ducers in their ionized enoli zed form/ 7 containing the group 
-COH =COH- . Hence, it is evident that all the substances 
Just mentioned are aliphatic analogues of the aromatic o-dihy
droxy compounds. 

The aliphatic a nalogues of the o-aminophenols and the aro
matic o-hydroxyamines in general are the a-aminoketones. 
These compounds contain the group - CO- CHNHr-, which 
is in tautomeric equilibrium 78 with - COH =CNH:r-, and 
were disclosed as developers by Eggert and Wendt.n As ex
amples, among others, are mentioned diethylaminoacetone, 
(C2H~)2N-CH2-CO-CH3 ; aminoacetic acid ethyl ester, 
HzN-CH 2-C0 2-C:H(;, and 1-phenyl-3-methyl-4-amino-5-
pyrazolone, 

H CI-IJ 

n,N- L----6 
()...6 ~ 

"-N/ 

~eH6 
Indoxyl, 

and 4-.hydroxyisoearbostyril, 

og'<(H· 
~NH 
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which Homolka 80 describes as developers, are subst ituted a 

amino ketones and therefore are ment ioned here. In develop
ment, they form indigo, 

and carbindigo, 

o:colJ::::o . 
CO II 

However, according to the same author, thioindoxyl, 

i~ also a developer, .and this suggests the possibility that indoxyl 
and hydroxy<~tlrhostyril owe their properties as developing a.gents 

, to other factors than their being a-amino ketones (p. 361). 
Kendall 81 extends the analogy between the aromatic and the 

aliphat ic developing agents with pairs of -OH and - N H 2 

groups or an -NH2 and - OH group, and formulates a rule 
which covers both types : Substances can be developers if they 
have the formula a-(C=C)n-a' , where a and a' a re -0- and 
-N < ,and n = 0 or a whole number. The case n = 0 em
hmccs hydrogen peroxide, hydroxylamine, and hydrazinc; the 
case n = I, pyrocatechol, o-aminophcnol, o-phcnylenediaminc, 
ascorbic acid, hydroxytctronic a.cid, the a-kctols, the a -amino 
ketones, and others ; and t he case n = 2, hydroquinone, p-amino
phenol, and p-phenylenediamine, whereas hydrocoerulignon is a 
representative of the case n = 3. Kendall's rule can be ex
pressed by the statement that hydrogen peroxide, hydroxyl
amine, hydrazine, and their vinylologucs can be developers. 
When oxidized, the a-hydroxy ketones and the a-amino ketones 
form a-diketones, 

R-COH~COfl-R ~ R- CO- CO- R 
R-COH~CKH,-R ~ R- CO- CO--R; 
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and Ostromislenski 82 drew attention to the analogy between the 
a- and -y-diketoncs and the o- and p-quinoncs and extended the 
quinone rule 42·Gus to include the aliphatic substances. The ex
istence of compounds of an oxidation state between a-hydroxy
ketones and a-diketones which arc analogous to the quinhydrones 
or semiquinoncs 83 further justifies the extension of the quinone 
rule to t he aliphatic series. 

However, t here are developing agents which do not adhere to 
Kendall's rule or, at first sight, to the quinone rule : Naphtho
hydroquinone monomethyl ether is a usable developing agent 81 

and, under rather ext reme conditions (2 per cent developing 
agent, 2 per cent sulfite, 1 per cent sodium hydroxide, 5 minutes 
at 43° C.), 4-methyl-1-napht hol, 

and a -naphthol itself, 

MI 
~!, 

o5 
develop chloride paper. Under the same conditions, o-cresol, 

OH o,CH,. 
catechol monomethyl ether, 

and some xylenols, 

AI n,c lJ,cH, ~ ' 
H, 

' 
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show traces of development; and Homolkass describes dihydroxy
mesitylene and hydroxyaminomesitylene, 

as developing agents. A. and L. Lumiere and Seyewetz con
firmed this result for the former compound 86 but could not 
repeat it with the latter. Phenyl-4-aminobenzyl ketone, 

Q-cO-CH,--Q-NH,, 

and p-aminophenylacetonitrile, H 2N--Q-CH2CN, are re
ported to have weak developing properties.t•1 Homolka also 
discovered that thioindoxyl,&Ou.s;; 

.acts as a developing agent and forms thioindigo, 

~s>c-c~D' 
0 

and the developing properties of indoxyl and hydroxycarbostyril, 
which on development form indigo and carbindigo, may here be 
mentioned again. It is known that naphthohydroquinone mono
methyl ether when oxidized also forms a dimeric "indigoid " con
densation product, the o,o'-binaphthoquinone derivative,87 

~0} 
OCHa OCR. 

and that the other compounds, including 1,8-dihydroxynaphtha
lene, undergo similar condensations or are oxidized to mono-
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nuclear quinones. Their developing action may therefore be 
linked to this reactivity. However, further work on the mecha
nism of the oxidation of these unusual developing agents is 
required to decide whether or not their developing action fo llows 
the quinone rule. 

Further investigations should also clarify why substituents 
such a.s methyl groups tra nsform a nondeveloper, for instance, 
resorcinol, into a developer, dih ydroxymesitylene, 

Cl-la 
HOy\A>H 

CH/v'CH3 

Homolka offered the suggestion that resorcinol undergoes a tau
tomerization to the diketo form, 

o/Yo 
nVJh 

H 

which does not develop, and t hat the methyl groups prevent this 
tautomcrization. However, the activation by the methy l groups 
might also be caused by their electron-releasing influence. When 
a reducing agent is oxidized, it loses electrons, which are t rans
ferred to the reduced substance. Substituents and other changes 
which loosen the electrons of the reducing agent and facilitate 
their t ransfer therefore assist; substitucnts which restrain elec
trons hinder this reaction. Inasmuch as the ion of the reducing 
agent is t he reactant proper, the effect of substituents on the 
dissociation constant must, furthermore, be of importance. 

With respect to t he influence on the electrons, it may be 
expected that substituents of the fi rst order will increase the 
energy of the developing agents, because it is these which make 
electrons availab le and therefore direct newly in t roduced sub
stituents into ortho and para positions. Substituents of the first 
order ar e alkyl groups, amino and alkylamino groups, hydroxy 
and alkoxy groups, and halogen. Substituents of the second 
order, i.e., those withd rawing electrons from the rema inder of 
the molecule, such as -COzH, -S03H, - S02-, and N0 2-, 
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would be expected to dimini:;h the energy of developing agent.s. 
It i:; obvious from the examples and rules given above that the 
experimenta l results ate in fait agreement with t hese expecta
tions. The specific effects of acidic and basic groups, which 
cause changes in the chatge of the active species of t he develop

, ing agent, arc ment ioned below. The influence of resonance 
between electron isomers, which stabilizes the active species of 
developing agents and depresses their activity, is illustrated on 
page 346 of this chapter. The availahility of electrons is more 
direct ly measured by the redox potentials of the developing 
agents and developing solutions, diseussed in Chapter XII. 

In addition to the effects mentioned above, the subst.itncnts 
influence the chance which the developing agent has of coming 
in contact with t.hc silver halide ).);rains. The effect of the 
chemical constitution on the f:l. ctors controlling this contact 
is discussed below. The suggestion tha.t it depends on the for
mation of an addit ion compound between the developing a.gent 
and its oxidation products has al ready been ment ioned. 

The solubility of the developing agents is increased by hydroxyl 
groups, particularly phenolic hydroxyl groups, and carboxylie 
or sulfonic acid groups. The acidic groups are particularly 
effective in a lkaline solutions, where they form salt.s. Other 
solubilizing groups are of less importance. On the other hand, 
the solubility deereases \vith the g;rO\ving size of the hydrocarbon 
residues of the molecules and, in general, with their enlargement 
by non-solubilizing groups. 

The solubility of hydroquinone is high owing to the presence 
of two phenolic hydroxyl groups in the small molecule; thn.t of 
aminohydroxy compounds is st ill sufficient in the benzene series ; 
e.g., with p-aminophenol. However, the suggestion has been 
made that groups like the hydroxycthyl radical should be intro
duced into the amino group, 

IOH,CH,OH ' 

OH 

to increase the solubility, though even p-methylaminophenol, 
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metol,88 is more soluble than p-aminopheuol itself. This effect 
of a. simple methylation could not be predicted on the principles 
given above, and it illustrates the complexity of the relationship 
between solubility and chemical constitution. Aminophenols of 
the naphthalene series are too insoluble for practical use; e.g., 
1-amino-2-hydroxynaphthalene. However, the &-sulfonic acid 
of t his compound, eikonogen, and its 3,6-disulfonic acid, diogen, 
are developing agents of desirable qualities, owing to the solu
bilizing effect of the sulfonic acid group.63 

p-Phenylenediamine and its derivatives are important as fine
grain and as color-forming developers, and various suggestions 
have been made for increasing their solubility; e.g., by substi
tuting solubilizing groups for hydrogen in the amino groups, as 
shown by the following examples: 

H. = -cH1CHtOH, - CHtOCH,OJ·I,8111 

-cH,- CeH4S03H, -CH,CH~02H 

Ho-<;H,CO,H • 

HN- CH,C02H 

The diffusion of the developing agent through the gelatin 
layer is imperative for its reaction with the imbedded grains, 
and compounds like 2-lauryl hydroquinone, 

give only a trace of development at the surface of ·the emulsion. 
Low diffusibility interferes particularly with the use of a devel
oping agent with multilayer fi lms where a ready penetration to 
the lower layers is required. No special information on the 
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problem is available from the literature. It is generally known, 
however, that the diffusibi lity decreases with increasing exten
sion of the molecule. This extension obviously is connected 
with molecular weight. However, molecules of identical molec
ular weight may diffuse at very different rates, because a rigid 
molecule is more hindered by its shape than a flexible one. 

The adsorption of the active species of the developing agent 
to the silver ha lide grain should be of fundamental importance 
(Chapter VIII, p. 316). Beyond t he fact that negative charges 

· increase the difficulty with which t he anions of the developing 
agent penetrate the potential barrier surrounding the grains 
(Chapter VIII, p. 327), litt le is known about the influence of 
substituents on the adsorpt ion of developing agents (p. 317) . 
The decrease in developing power noted in rule 3 (p. 350) may 
in part be attributed to the anionic character conferred on the 
developing agents by the acidic groups. It should, however, not 
be forgotten that the acidic groups are substituents of the second 
order (p. 362) and that effects may occur, such as the formation 
of resonance hybrids (p. 346). Evans and Hanson in t heir 
papers draw attention to the fact that the hydroxyl and the 
;unino groups, which are of signal importance for organic devel
oping agents, are likewise characteristic of dyes as the chief 
auxoehromic groups. They conclude that this parallelism is 
not a coincidence and that the reason for it is the particular 
faculty for adsorption which the hydroxyl and the amino groups 
confer on molecules. Various facts make it improbable that the 
essential function of hydroxyl and amino groups in dyes and 
developing agents is to promote t heir adsorption. This idea 
was originally suggested with respect to dyes, but it does not 
explain satisfactorily the function of the auxoehromic groups 
in compounds which dye materials as different as wool and 
cellulose. 

It is necessary to remember the existence of developing agents 
not having the above-mentioned groups. On the other hand, 
it is likely that the importance of hydroxyl and amino groups 
for both developing agents and dyes is not fortui tous. As shown 
in Chapter X, the aromatic benzcnoid systems of the developing 
agents with hydroxyl and / or amino groups in ortho and para 
posit ions are easily oxidized, because they can be t ransformed 
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into quinonoid systems, 

\/ Qu 
0 

and this property is essentia l for their developing action. The 
function of the hydroxyl or amino groups for a dye, however, 

·may be illustrated by the examples, 

1-hN-Q-N=N-Q ~ H2N=<=)=N-5l-Q 

HO-Q-N-N-Q - m)=C)=N-N-Q , 
which give the two resonating forms of JJ-aminoazobenzene and 
of 7J-hydroxyazobenzene. The behavior of t hese compounds as 
dyes is connected wit h t heir capacity for existing in two forms 
which are in a state of resonance. This cn,pacity is fostered by 
the pre..<.;ence of t he hydroxyl and the amino groups, because the 
aromatic systems substituted by them transform very easily 
from the benzenoid into the quinonoid state, and vice versa. 
Hence, it appears t hat developing agents and dyes have in 
common the property of being related to quinonoid systems. 
However, while the developing agents undergo a t ransformation 
into a quinonoid compound when oxidize.d, the dyes arc in an 
actual state of resonance between benzcnoid and quinonoid forms. 

An incidental property of developing agents which has nothing 
to do with the developing process itself but is of great importance 
should be mentioned. It is the so-called toxicity of developing 
:tgents. This does not refer to the toxic effect after ora l resorp
t ion of the chemicals, but to their property of sensitizing persons 
who handle them so that these individuals become allergic, i.e., 
hypersensit ive, to the substances, and on further contact with 
them develop symptoms similar to eczema. Very few cases of 
this type have been reported for hydroquinone; some persons 
are affected by 71-aminophenol and its derivatives, for instance, 
methyl 71-aminophenol. However, the most dangerous devel
oping agents a re p-phenylencdiamine and p-phenylenediamine 
derivat ives. These are also responsible for some of the cases 
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attributed to methyl p-aminophenol, in which they may be 
present in small amoun ts as impurities. It is interesting to 
note that patents disclosing the use of solubilizing groups in 
developing agents claim that these groups reduce the allergen ic 
properties of t he p-phenylenedia mine derivatives.89 

No attempt has been made in the preceding pages to give a 
complete account of the compounds which exhibit developing 
properties, but onl y to show t he rela tion between chemical con
stitution and developing propert ies. Little is said about the 
specifi c photographic properties of t he developing agents. These 
depend largely, as mentioned on page 331, upon the condit ions 
of application. Thus, such properties can be attributed to the 
agents themselves only under certain standard conditions, and 
va rious standards would be required because some developing 
agents do not work under circumstances which are necessary for 
others. No such general systematic investigation is known to 
the author, and the data for the more important developing 
agents which are availa ble are given in Chapter X I. 

Owing to the flexibility of the developing agents, fortunately, 
it is possible to obtain a great variety of results wi th a few 
compounds. Thus, the abundance of developing agents only 
increases the number of ways in which ident ica l effects can be 
attained. Andresen 91 answers in the negative t he question 
whether the abundance of developing agents is necessa ry or even 
desirable for practica l photogra phy. 

The developers commonly used in practical photography at 
the present t ime are almost always compounded with methyl 
p-aminophenol (metol)* and hydroquinone. The success of th is 
mixture appears to be due to the fact that its photographic 
properties are superior to t hose of t he components take n sepa
rately and not just equa l to t heir sum or arith metic mean. 
Thus, von HU.bl 92 t ested three developers, each containing in a 
liter, 20 grams of sodium carbonate and 60 grams of crysta lline 
sul fite. As t he developing age nt , he used in one developer 5 
grams of hydroquinone; iu a second, 5 grams of metol ; and in 
the t hird, 5 grams of hydroquinone and 5 grams of mctol. He 
found t hat with the third de veloper, the velocity of develop-

• Thi~ OOIDJIOUnd ia known in photography by a number of trade name8, eapecially 
metol. tho original G<Jrman trado name. nnd e/on, the nnme ui!Cd by tho Ea~tmnn Kodak. 
Company. 
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ment, using the mixtur·e of the two developers, was greater than 
the sum of the velocities of development in the metal and hydro
quinone developers taken separately. T his result was confirmed 
by Shiberstoff, 93 who made an extensive study of complex de
velopers and especially of the metol-hydroquinone developer. 
Shiberstoff concludes that the active developing agent in solu
tions containing metol and hydroquinone is a complex. This 
complex w~ isolated and placed on the market by A. and L. 
LumiCre in 1903 under the name meloquinone; it contains two 
molecules of metol associated with one molecule of hydroqui
none. Other complex developers of this type mentioned by 
Shiberstoff are the compound of p-aminophenol with hydro
quinone, which has been marketed l'lnder t he name of pyramidol, 
and a compound of hydroquinone with p-phenylencdiamine. 
Shiberstoff suggests that the formation of these complex devel
opers can be interpreted as a process of associated salt formation 
since the two substances may be considered to have different 
degrees of basicity, the basic amino group of the metol asso
ciating with the active hydroxyl groups of the hydroquinone. 
This complex formation appears to be an association through 
hydrogen bonds, of which many instances have been fou nd in 
recent years, although it would be surprising if the complex was 
present in considerable amounts in the strongly alkaline, dilute 
developer solutions. Nevertheless, the photographic properties 
of the mixed developer appear to differ markedly from those of 
the individual metol and hydroquinone developers. Shiber
stoff' s results show that even a change in the relative quantities 
of the metol and hydroquinone contained in the solution docs 
not alter the photographic properties of the developer, since 
these properties correspond closely to the metoquinone content. 
He found that the concentrat ion of the developing agent in a 
mctol-hydi'Oquinone developer could be varied without influ
encing the photographic properties of the developer up to a 
eertain limit, aft.er which the velocity of development as \vel! as 
the other properties Of the developer would begin to change. 
This limit of concentration he termed the "threshold of active 
concentration." These results are interpreted by Shiberstoff 
on the basis of the adsorption theory of development (Chapter 
VIII, p. 315). 
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If the adsorption of the developing agent to the silver bromide 
grain is considered, it is seen that development is conditioned 
by the degree of adsorption, which has a definite limit, corre
sponding to the limiting degree with which t he grains can be· 
covered with molecules of the developing agent. This limit 

· depends, of course, upon the intem;ity of the attract.ion between 
the silver halide and the ic!"".il of the developer, and Shibersto!T 
concludes tha.t a lthough it is improbable that a metoquinone 
complex can exist in an alkaline solution, it is quite possible that 
this complex is formed in the adsorbed layer on the solid phase. 
The limit ing degree of adsorption for the case of metoquinone is 
reached at a relatively low concentration of the developer in the 
solution, and, thus, a small number of molecules of metoquinone 
in solution would be sufficient to reach the limiting degree of 
adsorption nt which the photographic properties of the developer 
acquire their com;tant value. It i~; seen that the propert ies of 
such complex developers are still very obscure and require further 
work done on them. 
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CHAPTER X 

THE REACTIONS OF DEVELOPMENT 

The chemical rcaetions which oeeur in a developing solution 
during the reduction of silver halide to metallic silver are com
plicated and not very well undc1·stood. The solution itself con
tains a number of components, all of which may p lay some part 
in the reaction . In add ition to the developing agent, it contains 
a lkali and sulfite, whi le bromide is usually added from the begin
ning and, in any case, is formed during the reaction. 

Also, the solution is exposed to air, which produces a direet 
oxidation of the developing agent, the so-cal led autoxidation, and 
not infrequent ly the oxidation p roduct affects the course of the 
reaction. In some cases, the oxida.tion products act as catalysts 
for the primary reactions. In other eases, the oxidized develop
ing- agents convert silver back to the ion and arrest the progress 
of development, even destroying the latent image. 
· The chemical reactions of development with the metal-con
taining developing agents are relatively simple and well under
stood. The metal "increases its valency," i.e., the metal ions 
are oxidized, losing one or more electrons, the addition of which 
reduces the sil ver ions to atoms. The most important of this 
type of developers arc certaill solutions contain ing ferrous salts. 
The oxidized metal ions arc made innocuous, for instance, in 
t he case of ferric ion, by complex formation. In other eases, 
attempts have been made to reduce the metal ions to the lower 
oxidized state while development was proceeding and thus to 
regenerate the developer. Whether or not the solution of an 
oxidizable metal sa lt is a developer may depend on the possi
bility of disposing of the oxidized ions, and a more detailed 
discussion of t heir fate is therefore included in the chapter on 
the developing agentf; (p. 332). 

For the developing agents which do not contain metals, it 
has been suggested that their capacity to develop the latent 
image is related to the formation of certain quinonoid oxidation 
products. These products may determine whether a substance 

374 
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is a developing agent, and this aspect of the reactions of develop
ment is discussed in the previous chapter. 

While in most developers containing a metal with variable 
valency the reduced and the oxidized forms differ by only one 
electron, the non-meta l-containing inorganic developing agents 
and the organic developing agents must lose two hydrogen atoms, 
i.e., two hydrogen ions a nd two electrons, to reach another ~table 

state. Configurations with odd numbers of electrons are un
stable in these compounds. This probably has some bearing 
on the above-mentioned influence of the oxidation products of 
organic developing agents on their activity. If the oxidation 
products with t he reductants form unstable and highly reactive 
products in in termed ia ry oxidation states, they may catalyze 
the reducing action of the developing agents. In some instances, 
intermediates formed by the loss of one proton and one electron 
may dimerize or may disproportionate to the stable products, i .e., 
they may split in to the higher and lower oxidation products. 

The reactions of metal-free inorganic developing agents may 
be illustrated by the following examples: 

Sodium hydrosulfite in development forms bisulfite, according 
to equation ( I ) : 

Na2S 20~ + 2AgBr + 2H z0 -+2Ag + 2NaHS03 + 2HBr.' (1) 

Nothing is known concerning the kinetics and the mechanism of 
this reaction . The solutions absorb atmospheric oxygen rapidly 
in a reaction which seems to be cata lyzed by silver particles. 

The prototypes of the most important organic developing 
agents, hydroquinone, p-aminophenol, and p-phenylenediamine, 
viz., hydrogen peroxide, hydroxylamine, and hydrazine, deserve 
special notice. Hydrogen peroxide develops only in alkaline 
solution a nd does not even reduce a neutral solution of silver 
nit rate. The reductant proper is obviously an an ion. Sheppard 
and Mees found that one mol of hydrogen peroxide reduces one 
gram atom of si lver to the metallic state and that the gas evolved 
contains hyd rogen. They suggested the reactions: 

H0-0~ + Ag+ ~ H 0-0 + Ag 
2H02 ---> H 2 + Z02 
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which are accompanied by 

02-- + 2Ag+ --t 02 + 2Ag 

and by the decomposition of hydrogen peroxide to oxygen and 
water under the catalytic action of silver. Later investigations, 
however, have shown that the radical H02 is a chain carrier in 
the decomposition of hydrogen peroxide.2 It is interesting to 

note how far the analogy between HOOH and HO-Q-OH 

extends. 0=0 corresponds to 0~, which is formed 
by the oxidation of hydroquinone (p. 378) and even ROO- to 

HO~=O, which is an important intermediate in this process. 
However, 0 2 and H202 or their ions do not react with each other 
as hydroquinone and quinone do. 

According to Sheppard and Mees, one mol of hydroxylamine 
in alkaline solution reduces one wn of silver in development, 
liberating free nitrogen gas, which produces bubbles in the emul
sion. The activity of the developer increases with the concen
tration of alkali. Investigat ions by the same authors and by 
Nichols 3 of the reduction of precipitated silver bromide without 
binding agent further established that with an excess of hydroxyl
amine at high alkalinity, a mixture of nitrogen and nitrous oxide 
is formed. The equations 

H,NOH + OH- ;= 
H~NO- + Ag+ 

2H 2NO 

H,NO-+ H,O 
Ag +H,NO 
2H,O + N, 

appear to be more than merely a formal representation of the 
process, while a plausible explanation for the formation of nitrous 
oxide has not yet been found. The reaction of hydroxylamine 
with ammoniacal silver nitrate gives pure nitrogen ; that with 
an alkaline silver salt solution in the presence of sodium sulfite 
gives a mixture of nitrous oxide and nitrogen. Sheppard and 
Mees observed that the reaction of hydroxylamine with silver 
ion in solution is catalyzed by finely divided silver. James 4 

studied t his reaction under conditions where only nit rogen was 
formed and found that silver ion and H 2NO- are adsorbed to 
the silver surface. This silver catalysis in the reduction of silver 
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ion in solution has an immediate bearing on the theory of physi
cal development and shows that in a physical developer made 
with hydroxylamine (p. 322), a latent image, consisting of silver, 
and the growing image catalyze the reduction of silver ion to 
silver. 

Hydrazine, H 2N- NH2, reacts with silver ion according to the 
equation b 

4Ag+ + NzH• ~4Ag + Nz + 4H+. 

For the organic homologues of the above-mentioned com
pounds, the literature contains data on the reactions of hydroxyl
amines and hydrazines. It has been suggested that phenyl
hydroxylamine & in development oxidizes to nitrosobenzene: 

C,H,NHOH + 2Ag+ - C,H ,NO + 2Ag + 2H+. 

When phenylhydrazine was used as a developing agent, benzene 
was formed as a reaction product.7 The reaction is probably 

ArNHNH 2 + 2Ag+ ~ ArH + 2Ag + N 2 + 2H+: 

However, with hydrazobe~zene, it is likely that the reaction 
follows the equation: 

C8H b-NH- NH- CGHb + 2Ag+ 
---+ CeH b- N=N- C6H b + 2Ag + 2H+ 

on account of the stability of the azobenzene so formed. 
In the study of the reactions occurring in development, much 

information can be obtained from the autoxidation reactions. 
The aerial oxidation of the chief representative of the "split" 
hydrogen peroxide developing agents, hydroquinone, has been 
the subject of numerous investigations. This substance is rather 
stable in acidic and neutral solutions but readily absorbs oxygen 
in alkaline solution at a rate which, below the pK1 value of 
hydroquinone,* is proportional to the square of the hydroxyl-ion 
concentration.8•9 Under these conditions, hydroquinone forms 
humic acids of the formula: (CGH 40 J),. 10 In the presence of 
sulfite, hydroquinone sulfonates result.11 According to some 

• v.p.391. 



378 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

authors, the first step in these reactions is the formation of 
quinone and hydrogen peroxide: 12 

H 
0 0 9 +O, ~ Q +H,O, 

H 

Other authors have suggested hydroquinone peroxide 13 and 
hydroxyquinone ~ as being the primary oxidation produets. The 
high reactivity of the primary products obviously causes com
plications wh ich are difficult to d isentangle without more definite 
knowledge of the fundamental processes involved. Therefore, 
tetmmethylhydroquinone, durohyclroquinone, 

H 
0 

H,C~~A;H, ' 

HaC~tl, 
0 
H 

was studied by .Tames and \VeissbergerY In this hyd roquinone, 
the fom nuclear hyd rogens, which are very reactive in the 
benzoquinone, arc replaced by the inert - CH3 groups. It was 

· shown that durohydroqu inonc absorbs molecular oxygen in a lka
line solution, with quantitative format ion of duroquinone and 
hydrogen peroxide, both of which can be determined by common 
anal.yt ical processes : 

RQOHR It:o\1 "R 
+ o, ~ I I + H,O, 

R Jt R 'R 
H 0 

(where R = CH 3). (2) 

The rate of this reaction is proportiona l to t he square of the 
hydroxyl-ion concentration. This shows that the first step in 
the reaction is the formation of the doubly charged durohydro-
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quinone anion: 

Q o-
R H R ,..Jt 

+ 201·[- "" II + 2H,O. 

It R RY'!t 
o-

The reaction t hen splits int o two processes: 

1. The ion can interact 'vith oxygen in a reaction the rate of 
which is proportional to the oxygen concenimtion and the con
centration of the durohydroquinone: 

o- o lly R llu",n + o, ~ I I + o,--. ll R R It 
- 0 

(I) 

2. T he observat.iou that. duroquinone ac<:elerutes the a bsorp
tion of oxygen by durohydroquinone suggests a further path of 
the reaction. The rate of this proeess is proportional to the 
eonccnt rations of the durohydroquinone and the duroquinone, 
and it is independent of t he oxygen eoncentra.tion. T he rate
controlling phase of t his reaction must, therefore, be independent 
of the oxygen and probably consists in t he interaction of the 
durohydroquinone ion with duroquinone. This leads to the 
fornu~tion of a charged radical, a semiquinone, which reacts with 
oxygen at a high rate : 

nyo-n nD\l R Rl}O::R 
+ I I ~ 2 I I . 

R R R ' R - R R 
- 0 0 

(2) 

To apply these result..'i t o the autoxidat ion of hydroquinoue 
itself, the autoxidat ion of the intermediate members of t he 
homologous series was also investigated , - CH 3 groups being
gradually replaced by -HY In every case, the reaction pro
ceeded according to (2), where R now stands for CH3 or H . 
This was proved with t he tri- and d imethy lhydroquinoncs by 
isolation a nd identification of t he reaction products by <:ommou • 
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methods. With hydroquinone itself, 2-methylbenzo-thiazole
met.ho-p-toluencsulfonate was added to the reaction mixture. 
T his readily forms a dye with p-bcnzoquinone, according to the 
equation 

9 
r'Y~'-e-cn, + 2 01 + on- ~ 
Vl-NJ II 

tn, 0 

a:>~CH~ + ~ + H,O, 

6n, Yn 
a.nd the presence of the quinone can be shown by a spectroscopic 
analysis of the reaction mixture. When the quinone was quickly 
eliminated in this way, hydrogen peroxide could be found ana
lytically in amount-s which justify the equation (2), R = H. If 
the quinone is not disposed of, it reacts with hydrogen peroxide 
in the alkaline solution and forms hydroxyquinone : 

g 9 A>I-1 0 + H,O, ~ 0 + H,O. 

0 0 

Polymerization of the hydroxyquinone eventually leads to the 
formation of humic acids. Another reaction of the quinone 
which takes place in the alkaline solution is its disproportiona
tion: ua.l& 

2 0 + H,O ~ ' A>H + 0 0 ¢ OH 

0 OH 
A further disproportionation of the hydroxyquinonatc yields the 
red-brown dihydroxyquinonatc ion.17 The hydroxyquinonate is 
green ; the quinonate, yellow; and the hydroquinonate, colorless. 
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The rate of autoxidation of hydroquinone and its homologues 
increases approximately as the square of the hydroxyl-ion con
centration, which shows that the oxidation involves chiefly the 
doubly charged colorless hydroquinone anion.8•9•18 A slight devi
ation from the second power may be due to a comparatively 
slow oxidation of the monovalent ion, which is also suggested 
by the autoxidation of monomethyl ethers of hydroquinone and 
of durohydroquinone. 

The oxidation of trimethylhydroquinone, as of durohydro
quinone, is strongly catalyzed by small amounts of quinone. 
However, with the trimethylhydroquinone this catalysis reaches 
a maximum value, above which a further addition of quinone 
has no effect.18 •19 \Vith small amounts of quinone, when it acts 
as a catalyst, the autoxidation rate of trimethylhydroquinone is 
independent of the oxygen concentration, again in analogy to 
the behavior of the durohydroquinone. As the quinone catalysis 
reaches its maximum, the reaction rate becomes almost propor
tional to the oxygen concentration. This variation in reaction 
may be explained by the formation of an addition compound 
between semiquinone and quinone. In the region of higher qui
none concentrations, the reaction is analogous to the oxidation of 
hydroquinone, toluhydroquinone, and the xylohydroquinones, 
the rates of which vary directly with the concentrations of 
oxygen. No catalysis by quinone has been observed in the 
autoxidation of the last-mentioned compounds. However, since 
their autoxidation behaves in all respects in the same way as 
that of trimethylhydroQuinone at the maximum of the quinone 
catalysis, t he experimental results justify the assumption that 
the autoxidation of the lower members of the hydroquinone 
series is catalyzed by quinone and that the maximum value of 
this catalysis is reached at quinone concentrations low enough 
to escape detection. This assumption is supported by the obser
vation that the addition of stannous salts,20 of ascorbic acid,* and 
of some other substances 21 to a solution of hydroquinone lowers 
the autoxidation rate of the latter. Stannous salts and ascorbic 
acid eliminate quinone by reducing it to hydroquinone, and 
these reactions are obviously fast enough to lower the concen
tration of quinone below the level at which the quinone catalysis 

* D. S. Thomllll and A. Weilll!berger, privsW communication. 



382 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

reaches its maximum value. The other inhibitors are, likewise, 
substances capable of reacting with quinone. 22 

A similar mechanism may explain the preservative action of 
sulfite on hydroquinonc. Thi~ was first observed by Berkeley.~~ 

It was attributed by Luther to the oxidation of the ~ulfite, which 
prevented oxidation of the organic matter by removing oxygen 
from the solution.2~ This explanation, however, was not sup
ported by further experiments, which showed that the rate of 
absorption of oxygen by a solution contain ing both hydroquinone 
a nd sulfite is much lower than that by sulfite a lone. Hydro
quinone and sulfite mutually inhibit their autoxidation. The 
inhibitory action of hydroquinone on the autoxidation of sulfite 
is not discussed here. To explain the action of sulfite on hydro
quinone, Pinnow 2" discussed and then abandoned the idea that · 
the sulfite removes traces of copper which catalyze the autoxida
tion of hydroquinone. Reinders and Dingemans 26 considered 
the action of sulfite as a chain breaker but rejected the chain 
mechanism for the autoxidation of hydroquinone. 

When hydroquinone undergoes autoxidation in the presence 
of excess sodium su lfite, according to Pinnow, and Lehmann and 

' Tausch, in the early stages of the reaction , approximately two 
mols of sulfite are used for every mol of hydroquinone oxidized; 
one mol of sulfate and one mol of free a lkali are formed; and 
sodium hydroquinone monosulfonate can be isolated from the 
solution (see (4)) . It has been suggested that the hydroquinone 

~I + 2Na,SO, + O, ~ o~SO,Na + Na,SO, + NaOH. (3) 

);;i OH 

monosulfonate is formed from quinone and sulfite (6), and, on 
the evidence that in the absence of sulfite the first oxidation 
products of hydroquinone are quinone and hydrogen peroxide, 
(3) is very probably a composite of (4), (5), and (6) . As the 

on o 0 + O, ~ 0 + H,O, (4) 

OH 0 
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(5) 

0\! OOHAlO,Na 
' I + Na2SOs + H20 -+ + NaOH. (6) 

0 OH 
oxidation proceeds, sodium hydroquinone disulfonate is formed, 
presumably from the oxidation of the monosulfonate and the 
reaction of the quino!1e with sulfite, (7) and (8). All compounds 

OH 1J 

O
,SO,Na O'SO,Na 

+ 02 - + H202 

011 0 
(7) 

() Oil 

O
AlO,Na O'SO,Na 

+ Na:SOa + H20 - + NaOH. (8) 

O Na03S Oil 

involved in equation (3), except the sodium hydroquinone mono
sulfonate, of which no satisfactory determination has been made, 
are formed or consumed in quantitative agreement with the 
equation, when sufficient su lfite is present and when the solution 
is made alkaline by sodium earbonate. 1~" According to Mees 
and Sheppard,27 dithionate is also formed in the reaction between 
quinone aud sulfite. Toluhydroquinone also forms a disulfonatc, 
whereas the xylohydroquinones and trimethylhydroquinone form 
only the monmmlfonates. 

Table XXIII illustrates the extent to which sulfite inhibits 
the autoxidation of hydroquinone and its homologues. The 
autoxidation of durohydroquinone is not influenced by the pres
ence of sulfite . These results are in agreement with the assump
tion that the inhibitory effect of sulfite is due to the elimination 
of quinone. "\Vith durohydroquinone, no reaction of type (6) 
can take place, and su lfite therefore has no effect on the ~tutoxi
dation rate of this compound. It may be recalled that other 
substances which react with the quinone at a sufficient rate also 
inhibit the aerial oxidation of hydroquinone, e.g., cysteine,21 •22 

s tannous salts,20 and ascorbic acid. 

---------------------~---------
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An important consequence of the aerial oxidation of developers 
is the increase in their alkalinity according to (6) and (8). 

T he oxidation of hydroquinone by silver bromide takes a 
course similar to the autoxidation and produces quinone. With 

TABLE :XXlll 

RATE 0 1:" AuroxmATION Ol:" HvonoqullWNE Axo I TS H oMOLOOu&a wm1 AND 
WI1'110U1' SUU'LTE 

Reaction Volume, 50 mi.; Temperature, 20.0° C. ± 0.02° 

A mt. of Amt.oj Rate ofOxy(llln 
Oxidant Sulfite AlnorptiontU 

Oxidant inmnwl inmmol RaUCo.utant 

Hydroquinone J1 0 0.0216 
J1 .0036 

o-Xylohydroquinone ){ 0 0.024 
){ .0038 

~XylohydroquinoLlC J1 0 0.045 
J1 .014 
){ .0172 

p-Xylohydroquinone ){ 0 0.042 
){ .0117 

i n ml. 0 1 pa min. 
.,e-Cumohydroquinone ){ 0 0.90 (ma.x.) 

){ .125 

a sulfite-containing alkaline solution of hydroquinone, the follow
ing reactions ta ke place.13a ·28 Their summation shows that free 

0 S03Na 
+ HzO + Na2SOa - + NaOH 

OH 

,on \1 QI 
+ n,o ~o + 

0 H 
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acid is formed. The alkali added to the developer to maintain 
the pH at which enough of the developing agent is present in its 
active form is required to neutralize that acid. 

Hydroquinone monosulfonate itself is a developing agent, 
although a rather weak one, and the reactions 

-SO,Na SOaNa 0 \! 

+ 2AgB' - v + 2Ag + 2f!B' 

OH 0 

slowly follow t hose formulated above. 
The autoxidation of catechol was studied by Joslyn and 

Branch.29 The formation of a very unstable o-quinone is as
sumed to be the first step of the reaction, and the dependence of 
the reaction rate on the pH shows that at pH values of 6.5 to 
10.0, the monovalent ion is the reactive species. At lower and 
higher pH values, the undissociated molecules and the divalent 
ions, respectively, react to an appreciable extent. The forma
tion of hydrogen peroxide was demonstrated in the autoxidation 
of tetrachlorocatechol, in which at a high pH the divalent 
ion is the active species.3G The autoxidation of the a-hydroxy
ketones, on the other hand, proceeds in alkaline solution at a 
rate linearly proportional to the hydroxyl-ion concentration. 
The reaction of this -CO-= COH- system was shown to yield 
the corresponding -CO-CO- compounds and hydrogen per
oxide,31 and formation of hydrogen peroxide is therefore probable 
also with catechol. 

The o-quinone with the system - CO-CO- is assumed to be 
the first step also in the oxidation of catechol with silver 
bromide, though its instability and polymerization to humic 
acids ~-32 prevent its isolation. The formation of catechol 
mono- and di-sulfonates, which are found as t he reaction prod-
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ucts in sulfite-containing solutions,2s is explained analogously to 
equations (G) and (8) (p. 383). 

The a lkaline solution of pyroga llol is used in gas analysis 
to absorb molecular oxygen because of t he g1·ea.t rapidity of 
this reaction. The solu tions immediately turn dark upon expo
sure to air, and from the host of oxidation and polymerization 
products, JO.u purpurogalline, 

OH 
~~ u 
o~ o>--" 

and hcxahydroxytriphenoquinone, 

OH OH OH OH OH OH ~ o-Q o~<::>-o. 
have been isolated. When barium hydroxide is used as an a lkali, 
hexahydroxydiphenyl, 

no-Q- Q -oTT, " 
HO OHHO OH 

and barium peroxide are found. 
The addit ion of sulfite to the pyrogallol solution again slow;.; 

down the autoxidation considerably and lmtds to different. reac
tion products.3ll The oxidation of pyrogallol-containing devel
oping solut ions by silver bromide with exclusion of atmo~pheric 
oxygen, according to Seyewetz and Szymson,3 2·u yields pyrogallol 
monosulfonatc : 

0: 0 
1-1 l.tD 

+ O,-0 + H,O, 
H fi'()J-I 

a:c:i O:AJH + H,O, + 2No,SO, - + Na,SO, + NaOH. 
H H 

S03Na 

The monosulfonate formed is such a feeble developing agent that 
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it is not appreciably oxidized further, so that the disulfonatc has 
not been isolated from the solution. 

Information concerning the hydroxyamino compounds and the 
diamino compounds is much less complete than that on the 
dihydroxy compounds. 

It has been suggested that the primary product of the aeria l 

oxidation of p-aminophenol is quinoneimine, HN~""0.~2 
A polymer of this compound was isolated from the autoxidation 

)-.:::;:::;;:;=""ii?=ii:?=ii:?:;l . .O SUI.FlTE 

FIG. 104. Mutual influence of sulfite and mctol on their autoxidation. 

products of p-aminophenolY The autoxidation of methyl p
aminophenol was investigated by Reinders and Dingemans.38 

At a pH between 6.0 and 6.6, the reaction rate is approximately 
proport ional to the hydroxyl-ion concentration and to the con
centrations of the methylarninophenol and the oxygen. As a 
mechanism, these authors suggest that the monovalent negative 
ion forms a peroxide which goes over into hydroxy-N-methyl
quinoncimine: 

CHJNH· C6H40H = CHaNH ·C6H.O- + H+ 
CHaNH· C6H.O- + 02 = CH3N H·C6H4Q3-
CH3NH· CGH 403- + H+ = CH3N: C~H•02 + H20 
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The hydroxyquinoneimine then polymerizes to a nitrogenous 
humic acid. In analogy to the results with the hydroxy com
pounds, the primary formation of the methylquinoneimine and 
of hydrogen peroxide might be considered likely. 

Sulfite acts as a strong antoxidant on p-aminophenol and on 
methyl p-aminophenol. The effect on the autoxidation of the 
httter compound and of the methyl p-aminophenol on the aerial 
oxidat,ion of sulfite is shown by the diagram (Figure 104). 

According to Scyewctz and Szymson 3 2 and Lehmann and 
Tausch,'aa the oxidation of p-aminophenol by silver bromide in 
sulfite-containing solutions yields p-aminophenol monosulfonate, 
which does not react further in carbonate-alkaline solution. 
However, in caustic solution, it develops very slowly, and the 
reaction proceeds to t he disulfonate. l\-£ethyl p-aminophenol, 
on the other hand, even in carbona te-alkaline solution, readily 
forms not only the 4-methylaminophenol-2-sulfona tv, 

OH 
O'SO,Na, 

H 3C- N H 

but also the disulfonate. According to Lehmann and Tausch,1:14 

the monosulfonation deprives methyl p-aminophenol of its de
veloping energy to a smaller extent than hydroquinone. 

An aqueous solution of o-aminophenol reacts with oxygen 
to form complex condensation products from which amino
phenoxn.zon was isolated.39 No kinetic study has been made. 
However, the autoxidation of desylamine, C6H~CHNH2COC6H6, 
which in its tautomeric form, 

C~H~C=C-C,H,, 

tfu, 'em 
is the analogue of o-aminophenol, proceeds with t he formation of 
hydrogen peroxide, ammonia, and benzil, C,H 6COCOC6H b, the 
negative ion being the reactive species.40 

When oxidized with silver bromide in carbonate-alkaline sulfite
containing solutions, o-aminophcnol forms the monosulfonate; 
in caustic solut ion, it yields t he disulfonate.32•38 
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Diaminophenol, when oxidized with silver bromide in sulfite 
solution, gives the disulfonate even without additional a lkali. 
The 2-amino-1-naphthol-6-sulfonate in carbonate-alkaline sulfite 
solution is oxidized to the 2-amino-1-naphthol di- and tri
sulfonates. 

p-Phcnylcnediamine autoxidizes in alkaline solutions with the 
formation of quinonediimine. The aerial oxidation of diamino
durene, 

NH, 
H,CffH•, 

HaC~H~ 
NH2 

appears to reach a maximum rate at a pH of about 8. This 
value does not appreciably change when the pH is increased to 
about 11. The free base is obviously the reactive species. The 
autoxidation proceeds with elimination of ammonia, and the 
product formed is duroquinone. The latter catalyzes the reac
tion in a manner similar to that described for durohydroquinone. 
This denitrogenation is similar to the elimination of ammonia 
in the autoxidation of a -amino ketones. 

In the presence of sulfite, p-phenylenediamine yields p-phenyl
enediamine sulfonate, and the same reaction takes p lace if the 
oxidizing agent is silver bromide. In carbonate-alkaline solution, 
it stops with the monosulfonate; however, in caustic solution the 
reaction proceeds to the disulfonatc. 32 

p-Hydroxyphenylglycine in sulfite-containing solution forms 
the monosulfonate, which even in caustic alkaline solutions is 
not a developing agent.32 

It is evident from the foregoing that not on ly the rate of action 
of a developing agent but also the maximal amount of silver ion 
which it reduces to silver depends on the conditions of the solu
tion. A number of investigations have been made to determine 
the ~'reducing power" of developing agents; i.e., the amount of 
silver in solution or of precipitated silver bromide which these 
developing agents reduce to si lver under various condit ions.nu 

The investigations of Sheppard and .Mees on hydrogen per
oxide and hydroxylamine as developers and those of Seyewctz 
and Szymson are discussed in Chapter VIII . From the results 
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of the lat ter, it follows that for all practical purposes hydro· 
quinone, pyrogallol, p·aminophcnol, glycine, a nd p-phenylenedi· 
amine in sulfite·containing carbonate-a lkaline solutions reduce 
two silver ions per unit of developing :tgent . In caustic a lkali, 
t he monosulfonatcs of mctol :uHI p-phenylenedia.mine may act 
s trongly enough as developing agent.'> to increase significa ntly 
the reduction equivalent of the parent substances. According 
toT. H. J ames,* mctol-monosulfonatc may part icipate substan
t ially in development, even in ca rbonate solution. 

Earlier, Andresen,41" working with precipitated Silver bromide, 
gave t he following figures : 

TABT.E XXTV 

Dtvelopi 'fl{JA ycnt 

Hyd roquinonc 
Cat<.>chol 
o--A•ni11uphenol 
N -Mct hyl-q-aminophcroul 
p-Aminophcnol 

Mol t1o1Jrlleduool 

4.4 
1.0 
0.7 
l.O 
3.U 

,In a solut ion not containing sulfite, one mol of p-aminophenol 
reduced only J .2 mols of silver bromide. The developers in 
Table XXIV contained sulfite and the type of a lkali commonly 
used with the developing agent in question, for insta nce, caust ic 
alkali with p-phenylenediamine and carbonate with hydroqui
nonc. The alkali coneentrations are stated to be the usual ones 
but arc not specified further. 

Bogisch,4 1J in a similar investigation, found that 1.4 grams of 
hydroquinone in a developer containing 20 grams of carbonate 
and 20 grams of sulfite in 150 cc. of water in one hour reduces 
5.9 mols of silver bromide per mol of hydroquinone. At a higher 
d ilution (300 cc.) and at shorter times 01 hour) , this amount 
drops to a bout 4.3 and 5.3, respectively. With silvei: chloride 
as oxidant , the reduction equivalent reaches almost 8. T his 
va lue is also obtained with a sulfite-containing ammoniaca l silver 
nitrate solution and indicates the format ion of quinonet r isul
fona.te as oxidat ion product, while in practica l development 
mainly hydroquinone·monosulfonate is formed. 

•J'ri•·ate communication. 
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The alka li regulates the activity of the developer through the 
influence of the pH on the concentra tion of the active species of 
the developing agent and takes care of the acid which is formed 
in development. For the latter purpose, not only the initial pH 
but also the buffering capac:ity, i.e., the amount of acid which 
the solution can take care of without changing the pH beyond 
a certain limit, are of obvious importance. Table XXV sh·ows 
the pH of solutions used in developers, and Table XXVI, t he 
pK values for some of the developing agents as given by various 

TABLE XXV 
PH V.nuF.s o~ Df:VET.OI'ER SoT,UTJONS • 

f>- 10% 110lution of sodium carbonate 
1- 5% solution of &ldium metnborntc 
1-.5% IJOlutionof i!O<lium tetrnlx>rn.tc (Borax) 
5- IO'lo llolution of IIO<litun ~ultitc 

• H. D. ltu&K\11, private r.ommuninntion . 

TABLE X.."\:Vl 

11.5 
10.5-10.8 
9.0 
9.0 

d { VALUES 011 DEVELOI'INO Aor.X"ffi ft,ft 

Hydroquinonc 
Catcr;hol 
Pyrognllol 
p-Aminophenol 
t\Iethyl-p-nmiTiophcnol 
p-Aminodimcthyla.nilinc 

Acid Dissocialim1 
pK, pKs 
o.s 11.5 
9.3 
8.8 11.1 

10.3 
10.4 

BMU: DiMociution 
pK 

8.2 
8.0 
7.4 

n.uthors. pK is the negative logarithm of the dissociation con
stant. Its numerical value gives the pH at which the com
pound is 50 per cent dissociated. 

There arc various reports iu the literature on the specific 
effects of different types of alkali. The specitlc effect of borate 
is confirmed and well understood, being due to the esterifi
cat ion of boric acid with compounds containing neighboring 
~OH groups. In genera l, however, the velocity of development 
changes with the pH of the solution, independently of the nature 
of the alkali used for securing this pH value.4~ 

In addition to the influence of t.hc pH on the concentration 
of the active species of the developing agent, the alkalinity of 
the developer in many cases has a further effect. It was men
tioned that appreciable amounts of the quinonoid oxidation 
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' products of developing agents may interfere with the develop
ment process. In t he common developers, these products arc 
made innocuous by reaction with sulfite at a rate which is likely 
to increase with the alkalinity of the solutions.44 Besides this 
reaction with the sulfite, the oxidation products undergo many 
reactions, which were mentioned on various occasions, and their 
rate increnses with the pH.1b Thus, high pH in a developer 
further assists the work of the developing agent by eliminating 
its oxidation products. 

In the common practice of development, little attent ion is 
paid to the oxidation products of the developing agent as long 
as they do not sta in the gelatin. The preference today is for 
developing agent-s and developers with colorless, soluble oxida
tion products, such as the sulfonates, which a re formed in sulfite
containing solutions. With pyrogallol a.s a developing agent , 
however, even the presence of sulfite docs not totally prevent 
the formation of dark oxidation products which dye and tan the 
gelatin. The image consists to an appreciable degree not only 
of silver but also of the developer oxidation products. These 
remain when t he silver is removed, for instance, by Farmer's 
reducer, and the image formed by t hem is called the residual 
image. With hydroquinone, catechol .and pyrogallol, in the 
absence of sulfite, these oxidation products are identical in their 
reactions with those formed by the autoxidation of the developing 
agenls:15 However, the formation of peroxide in the autoxida
tion process would be expected to cause some difference. 

With pyrogallol developers, the effect of the stain produced 
by t he oxidation products upon the printing qua lity of the image 
is very important. The spectra-selectivity of photographic de
posits was studied by Jones and WilseyY They called the value 

of::!:'! t he color coeffiCient, where 'YP is the slope of the straight-line 
~. 

portion of the characteristic curve determined photographically, 
bromide paper being used as the printing material ; and 'Y~ is the 
slope as determined visually. Wilsey·18 applied the strong color 
obtained with the pyrogallol developer as a method of photo
graphic reduction or intensification, the original nega t ive being 
bleached and then redeveloped in a developer adapted to produce 
stain (p. 554). The value of the color coefficient depends upon 
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the sulfite content of the developer, t he maximum amount of sul
fite giving a color coefficient as low as 1.05, while in the absence of 
sulfite a pyrogallol developer may have a color coefficient of 2.0. 

While in bla.ck-uud-white development t he oxidat ion products 
are of fundamental importance only in rare cases, for ot her 
photographic processes the ability of the oxidation products to 
tan gelatin and act as mordants for dyes has lent interest to 
developers which do not contain sulfite or contain only a little:19 

The dye deposits which are formed when compounds like in
doxy!, hydroxycarbostyril, thioindoxyl, and the leuco bases of 
indophenols, indamines, and azophenincs are used as developing 
agents have become the basis of color photographic processes. 
The equation 

I! 
(CII,J,N-Q-N-Q-OH + 2Ag+ ~ 

(CHJ,N-Q-N~O + 2Ag + 2H+ 

shows a case where one mol of dye is formed for every two silver 
ions reduced. 

Another met hod of producing colored images is the condensa
tion of the oxidized developer with couplers to form dyes. This 
was suggested by Fischer and Siegrist.r.o It is the method used 
for producing the dyes in the Kodachrome multilayer process of 
color photography.~• In Fischer's original multilayer process, 
the couplers were intended to be incorporated in t he emulsion 
layers. Care must be exercised in a mult ilayer process that each 
coupler acts only in the layer in which the respective dye dt:posit 
is desired. 

With p-aminodimethylaniline as a developing agent, a yellow 
dye I is obtained with acetoacetic ester; a cyan dye II, with 
a -naphthol ; and a magenta dye III, with p-nitrobenzyl cyanide. 
The formulas give one extreme form only of t he resonance sys
tems (Chu.pter XXIV) of which the dye consists. 

(CH,),N-Q-N~COOCH, (CH,J,N-Q-N-<::)~0 
6 o2C2I-I6 (__) 

I II 

(CII,J,N-Q-N~NO, 
!II 
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The mechanism by which t hese dyes are formed is still far from 
being well understood. Summarily, it is represented by the 
equation °2 

This may be supplemented by the following:* 

The oxidation of an unsymmetrical p-phenylenediamine in 
photographic development is most likely to produce a quinonc
diimine ion 

NR: NR2 0 + 2Ag+ ~ 0 + 2Ag + H+, (9) 

NH~ NH 

This reaction can proceed in two steps, i.e., through an inter
mediate semiquinone ion, which has one less electron than the 
original developer and is a charged radical/3 

(10) 

which is stabilized by resonance between the forms A and B : 

NRt NR: o ~ o 
NH2 ~H2 

A B 
• D. S, ThomM nnd A. Weil!llberg~r. priv11te communicntion. 
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The quinonediimine ion ma.y react with a coupler containing 

an active met.hylenc group, H 2C( , to form a leuco base, accord. 

ing to the equation: 

(11) 

The semiquinone ion can form this leueo base only in the pres· 
enee of a hydrogen acceptor, as shown by equation (12) : 

~R, NR, 0 + H,< + acccploc ~ 0 + H+ + acccpl.odl. {12) 

NH2 fiH 
XH 

The acceptor may be a second semiquinone ion which in the 
reaction regenerates the developing agent (13): 

~R2 NR2 

[H] + 0 ~ 0 + JI+. 

NH2 Nih 

(13) 

For the oxidation of the leuco base to the dye, several possi· 
bilities may be considered. The leuco base may react as a 
developer: 

NRz NRz 0 + 2Ag+ ~ 0 + 2H+ + 2Ag. {14) 

z~ ~ 
It may be oxidized by oxygen, probably with the formation of 

-------- ---------
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peroxide (15) : 

(15) 

It may be oxidized by the quinonediimine ion (16): 

(16) 

or it may be oxidized by the semiquinone ion (17): 

+ 2H+, (17) 

In a discussion of these possibilities, it is important that the 
dye deposit.s are not necessarily restricted to the sites of the 
indhridua.! grains but may be spread out in clouds around them. 
Innsmuch as the leuco bases and the dyes under considera.tion 
do not diffuse in gelatin, both must be formed at the place where 
the dye is eventually found, i .e., at least partially at some dis
tance from the grains. Hence, the oxidizing agent for the corre
sponding amount of the leuco base must be mobile, and silver 
ions must be in solution to act as the oxidizing agent a<~cording 
to (14). A still more striking argument for the mobility of the 
oxidizing agent is the existence of color processes in which the 
coupler is incorporated in the emulsion. The bulk of the coupler 
is located at some distance from the silver halide grainR, and it 
is not very probable, therefore, that the silver ions oxidize the 
leuco base in these processes. 
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Some, at least, of the leu co bases in question arc easily oxidized 
by air in a lkaline solution. Hence, it is possible that (15) plays 
some part in color development. The extent to which the oxi
dation is performed by air depends upon the relative rates of 
the oxidation reactions and the concentrations of the reactants. 
Reactions 16 and 17 or both, which have been neglected in the 
literature, are likely to be of great significance. 

In addition to forming a dye, the oxidized developer may 
. polymerize or decompose, or it may react with sulfite. These 

reactions are familiar in black-and-white development. Some 
developers of very high pH form dye images contaminated with 
a brown stain, which has been attributed to polymerized and 
decomposed oxidation products of the developing agent. How
ever, this can be avoided by a proper choice of developer. 

The sulfite reacts readily with t he oxidized developer to form 
sulfonates (18): 

(18) 

and thus competes strongly with the coupler for the oxidized 
developer. The final result of this competition, i.e., the relative 
amounts of dye and sulfonate formed for a given amount of 
reduced silver, depends on the rates of the various reactions 
involved and on the concentrations of the reactants at the site 
of the reaction. 

T he availability of the oxidized developer in a certain volume 
element of the emulsion is determined by the rate of develop
ment. This, in t urn, depends, for a given emulsion, on the 
concentration of t he active species of the developing agent a.t 
the silver halide grain and, thus, on the rates of diffusion of the 
respective components of the developer. Conditions may arise 
in which the rate of diffusion of the developing agent becomes 
the limiting factor for the rate of development. For a given 
concentration of oxidized developing agent, likewise, t he forma
tion o£ sulfonate and of dye in any part icular volume element 
of the emulsion depends upon t he concentrations of sulfi te and 
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coupler, respectively, in this volume element. If the concen
t ration of oxidized developing agent in this volume clement iS 
high , sulfi te and coupler may be used up at a rate which lowers 
their concentrations, and their rates of replacement will become 
important for the ratio of dye to sulfonate a nd , therefore, of dye 
to si lver. The diffusion rates of sulfite a nd coupler may then 
determine the dye/ silver ratio. 

I n addition to the examples given by F ischer and Siegrist, 
ma ny developers and couplers providing dyes of suitable absorp
tion characteristics and stability have been disclosed in recent 
years, chiefl y in patents. 
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CHAPTER XI 

THE KINETICS OF DEVELOPMENT 

" 7hen an exposed photographic material is placed in a devel
oper, the exposed grains are attacked as the developer penetrates 
into the la.yer and are reduced to metallic silver. The mecha
nism of this attack is discussed in Chapter VIII, and the chem
is try of t he reaetion bet\veen the developing solution and the 
exposed silver halide, in Chapter X. The rate at which the 
aUaek proceeds was first investigated by Hurter and Driffield 
awl published in their famous paper in 1800.1 

Hurter and Driffield adopted as their standard developer ferro
oxalate , which they found convenient and which has the further 
advantages that t he course of its chemical reaction is well under
stood and that the solution contains no solvent for silver halide 
(p. 310). They determined experimentally the rate at whieh 
the density corresponding to a ghren exposure grows during 
development and noted that the density increases rapidly at 
first , its growth becoming slower as time advances, and finally 
tends to a limit. This was expressed by a formula "based upon 
the idea that the number of particles of bromide of silver affected 
by the light is greatest in the front layer of the film and de
creases in geometrica l progression as each succeeding layer of 
t he film is reached ." This formula is 

D ~ D.(l - a'), 

where D.., represents the amount of image which is finally devel
opable, D equals the density at timet, and a is a constant. It is 
seen that this formula is derived from the idea that the developer 
reduced the exposed particles as it penetrated the film, but a 
conelusive experimental disapproval of thiS hypothesis was given 
by Sheppard and _Mces,2 who showed that a plate exposed from 
the glass side develops normall y although, in this case, the 
developer reaehes first the layer containing the fewest exposed 
particles. Since the publication of Sheppard and :Mees' work, 

402 
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there has appeared a letter to Drifficld dated August 22, 1897,3 

in which Hurter wrote that diffusion worked so mpidly tha t 
there was no need to assume a limit to development for wnnt of 
developer or that the bromide genera ted in the fi lm nffected the 
ru.te of development since it escaped by diffusion as the developer 
entert.'tl. Hurter pointed out that the diffusion phenomenon, 
to some extent, affected the results, 

"and t hese resul t.;; will naturally deviate in consequence from any 
simple rule, which cannot be so formulated as to take 11ecouut of 
cvcrything----<:onst it ution of film, quality of gelatin, velocity of 
diffusion to and fro, temperature, etc. 

" All that mathematical analysis can do is to trace the main 
features of the course of development." 

I n this, Hurter anticipated the la ter conclusion of Nictz,' that 
the process of photographic development, including the diffusion 
fac:tors, is necessarily so complicated that a simple law is un
likely to describe it accurately. However, Hurter proceeds: 

" Let the total quantity of silver on any part of the pla te be A . 
After illumina t ion this consist~<; of two portions, unaffected bro
mide = B a nd an affected part a, and always will, B + a = A. 
T he tlifference between the two· portions i ll not tme of ki-nd, but simply 
one of degree in rapidity of development, und this thought a pplied to 
the density of the result ing image make.-; tha t (in imnginat ion) also 
consist of two parts, i .e., of devdoped j og and developed image. 
Call the one x (image) and y the fog, then the density will be 
X+ y = D. 

" The small amount of l:ttcnt imago developed at any moment 
will be, sny--dx and that amount is developed in the rnomeut dt, 

hence t he velocity of development is expressed us ¥t (~~,:~~) · 
"This velocity will be proportional to a factor K~, which depends 

upon t he <:ousti tution of the developer, and to the ~lmount of un
devdopt..-d la tent image present at that moment which we are 
considering. Let the latent image already developed be x, then 
(a - x) is t he amount of umlcvclopcd latent image a nd the velocity 
of development (growth of density in unit time) is 

~ = Kt(a - x )." 

This equation integrates into t.he equat,ion given by Hurter and 
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' Driffield in their paper, but Hurter preferred to express it in 
the form 

D = D., (l - e-K1),• 

which is that adopted by Sheppard and lVTees and deduced by 
them not from any theory as to the distribution of the develop
ab le ha lide but from a consideration of the velocity of reaction 
in heterogeneous systems, among which the development of silver 
bromide naturally stands. 

The problems of penetration were studied by Sheppard and 
Mees, who found that when photographic plates were exposed 
from the glass side, the image would be visible from the back 
somewhat sooner than on the face for the short exposures in 
which the greater reactivity of the more exposed particles was 
the predominant factor, but for the longer exposures, the time 
required for t he developer to penetrate the emulsion enabled the 
image to appear first on the less reactive but more accessible 
surface. They concluded that: 

"(a) The absolute thickness of the layer of developable particles 
increases but slightly with the exposure. 

"(b) H.eckoning down through the layer from the exposed side, 
the reactivity of each layer of grains diminishes through the depth. 
The slope of this reactivity gradient then depends upon the exposure. 

"(c) The penetration is complete at a very early stage of develop
ment, but as the developer reaches the lowest layers, its concen
tration will be diminished somewhat by diffusion and oxidation by 
developable AgBr. There will therefore be a concentration gradient 
through the film. 

"(d) Then in the case of exposure from the film side, the two 
gradients will be in the same sense and will reinforce each other; 
for exposure from the back they will be opposite in direction, and 
the front layers or the back may appear first according as one factor 
or the other predominates. This result is in agreement with the 
microscopic deduction that, ceteris paribu!l, the more exposed grains 
possess the greater reactivity, and start development first." 

An estimate of the absolute time required for the developer 
to penetrate the thickness of the emulsion showed that this 
occurred in less than ten seconds, while the half-period of devel
opment under these conditions was five minutes. They con-

• In accordan<Xl with present practice, the velocity oon~ta.nt i! c:rprC!I800 in this book 
bylc, not K. 
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eluded that the delay in appearance due to diffusion was normally 
negligible in comparison with chemical effects. A study of the 
actual invasion of the developer confirmed these results. When 
a dry film of gelatin is placed in water, the absorption is largely 
a su rface-tension phenomenon, depending upon the capillary 
structure of the gel, and similar to the wetting of powders. 
T he rate is very rapid at first and then falls off somewhat steeply 
with the time, t he decrease in velodty frequently being expo
nential, so that if a"' is the maximum amount of water absorb
able, a the amount at any time t, then 

da/dl ~ k(a. - a). 

Dilute solut ions of electrolytes arc absorbed at much the 
same rate as water, more concentrated ones less rapidly, while 
if a plate of gelat in is first soaked in water, then in a salt solution, 
the latter rapidly displaces the water. They summarized their 
conclusions as follows: 

" (a) A plate soaked in water to near its maximum swelling de
velops as fast, or faster, than a dry plate. 

"(b) While the amount absorbed only increases slightly with the 
com:entration, the development velocity is directly proportional 
to this. 

"(c) The temperature coefficient of development is generally 
greater (1.7-2 . .')) than that of absorption (1.3- 1.5). 

"(d) Tho viscosity of the solu tion may be greatly increased 
without lowering the velocity of development. 

" (e) Hardening the film lowers the rate of absorption without 
altering the development velocity." 

As is mentioned above, Sheppard and 1\-Iees considered the 
action of the developer on the silver bromide a heterogeneous 
reaction. When a solid dissolves, the rate is proportional to 
its surface and to the difference between the saturation-concen
tration and the concentration at the given moment. At the 
boundary between the phases, satura tion exists, so that the rat.e 
of solution depends on the diffusion velocity. When a. chemical 
action is superposed, Nernst assumed that in most cases the 
equilibrium in the reaction-layer is adjusted with practically 
infinite veloeity compared with the diffusion process (p. 414). 
If the length of t he diffusion path and the diffusion coefficients 
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are known, in many cases the velocity may be cnlculat.ed in 
absolute measure. 

The chemical equation for development with ferro-oxaJatc is 
probably 

Ag+ + Fe(C204)2" = Ag + Fe(C:Ot):'; 
( ltlet.) 

that is, one silver ion is converted into metallic silver. The 
velocity equa tion will then be dxjdt = kC,. ... ·C~·<A:h-· 

CAv. may be reckoned a.s constant on the view given above of 
the instantaneous adjustment of the equilibrium, since solid 
silver bromide is present. If it is assumed that diffusion takes 
place in a layer of constant thickness, 0, there will diffuse into 

the J·caction-laycr Sf ((t - x)dt of reducer in the time dt, where 

.:lis t he diffusion coefficient of t he reducer; a, its initial conccn
tmtion; and x, the equivaleuts of AgBr reduced. If x is very 
small compared with a, the total concentration, this becomes 

S f a ·dt, and the velocity of development is given by dx/ dt = kS, 

where S is the surface of the solid phase, a.nd k = .:l· a/ 0. In 
this equation, S , the surface of the solid phase, represents a 
quant ity of silver halide which is developable because it has 
been exposed, and in the course of the reaction this varies from 
the total amount which has been exposed, and which when de
veloped gives the image D ,.,, to zero, so tha t t he amount of 
exposed silver bromide available for development at any t ime, 
t, is equal to (D"' - D), where Dis the density of reduced silver 
at the time, t. 

Therefore, dD/dt = kS = k(D"' - D), which gives on inte-
gration 

~ In D, D_: D = k. 

If this is written in its exponential form, it is Hurter's equation 
D = D..,( I - e-*1) . A satisfactory test of this equation can, as 
seen later, be made only in the absence of much free bromide 
and, at the same time, only with a developer and emulsion which 
do not produce fog on prolonged development, since otherwise 
D"' is not constant; grains which were not exposed become de-
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velopable as development is prolonged. By using plates wh ich 
were slow and free from fog, together with the ferro-oxalate 
developer and low concentrations of bromide, Sheppard and 
Mces were able to demonstrate the validity of the equation a nd 
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FIG . 105. Growth of density with time of development in ferro-oxalate. 

1'im£ 

!i.Omins. 
10.0 
15.0 
20.0 
25.0 
30.0 
40.0 
95.0 

135.0 

TABLE X.XVII 

RELAT IO:>O B.l."""TWEE~ DE :>O!:IITY AND TIME OF D EVELOP.IdENT 

(Sheppnrd and Mecs) 
Developer: N / 25 Ferro-Oxalate Conta ining N/500 KBr 

D, D, D, Daverage 

0.330 0.303 0.373 0.335 
0.773 0.815 0.697 0.762 
1.013 0.975 1.020 LOOO 
1.227 1.232 1.228 1.229 
1.330 1.365 1.296 1.330 
1.510 1.510 1.510 
1.610 l.(i\0 
LOOt 1.904 
Ul70 1.970 
2.000 2.000 2.000 

D cak. 

0.410 
0.736 
0.995 
1.20 1 
1.364 
1.495 
1.681 
LOOO 
1.980 
2.000 

so very satisfactorily confirmed the earlier work of Hurter and 
Driffield. Their resul ts for th ree experiments repeating each 
other are given in Table XXVII, together with the average 
observed values of density and the value of density calculated 
from the equation. These resu lts are shown in F igure 105. 
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A deduction from this equation is the law of constant density 
ratios. If a series of increasing exposures are given to a materia l 
which is then developed in a non-fogging developer free from 
bromide, as the densities corresponding to different exposures 
increase proportionately, the ratio of the densit ies due to any 
two exposures is constant and independent of the t ime of devel
opment. Hurter and Driffield showed that if a geometrically 
increasing series of exposures are given to a plate, over a certain 
range the density increases arithmetically.* Over this period, 
the following equation holds : 

D = 'Y log E/i, 

where E is the exposure, i is a characterist ic constant of the 
plate, termed the inertia, and 'Y is a constant depending upon 
the development and called the development factor. T he mag
nitudes i a.nd 'Y arc obtained grnphically as follows : The densities 
due to nine successive exposures are plotted as ordinates, and 
the loga rithms of the corresponding exposures, as a bscissae. 
A curve is obtained which, for a certain period, is practically a 
::;traight line (Figure 68, p. 203). The point where this cuts the 
exposure a.xis gives log i, and if 0 is the angle of inclination, 
'Y = tan 0. Analyt ically, the value of 'Y may be deduced as 
follows: For two exposures, E 1 and E2 , the densit ies D 1 and D 2 

are obtained, t he equations being 

D1 = 'Y log Edi, 

E liminating i , 

'Y = logE2 logE1 . 

If a number of strips of film bearing sensitometric exposures 
are developed for progressively increasing t imes in a solution 
conl...'l.ining little or no free bromide, the characteristic curves 
will have straight-line portions which \viii meet when projected 
to a common point on the logE axis. The following table gives 
an experimental determination of such a set of curves. These 
curves wer·e made from exposures on supersensit ive panchro-

• Thi~ work by Hurter ftnd Driffleld ie dillCussed from other pointll of view in C hapt('r 
Y, p. 201 11nd in Chapter X IX. p. 690. 
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matic sheet film developed in a solution of the follmving com
position: 

Pyroga!lol 
&dium Sulfite 
Sodium Bisulfite 
&.diurn Carbonutc 
Potassium Bromide 
Water 

5.0 
37.5 

4.25 
18.75 
0.0595 " (N/20Cl0) 
1.0 liter 

The density values were corrected according to the Meidinger
Wilsey fog-correction formula (Chapter XVII, p. 649) . 

TABLf~ XXVIII 

DENS IT IES FOR V ARIOIJS TIMES OF lliVELOI'liE~T 

LogE 
(M .C.S.) 6minutes Rminutea If! minutes Wminutes 

I.97 1.39 1.70 2.00 2.26 
T.67 1.18 1.49 1.74 1.97 
T.37 . 0.96 1.21 1.42 l.fl() 
i.70 0.74 0.93 1.08 1.23 
~.77 0.54 0.66 0.75 0.85 
2.47 0.35 0.39 0.4.5 0.51 
2.17 0.19 0.20 0.23 0.25 
3.87 0.07 0.08 0.08 0.09 
3.57 O.Dl 0.01 0.01 0.01 
3.27 0.00 0.00 0.00 0 .00 

These data are plotted in Figure 106. It is seen that the 
straight-line port ions of the curves produced meet at the point i 
on the exposure axis, so that the effect of the continued de
velopment is to produce a rotation of the curves around the 
point i. For the straight-line portions of the exposure curves, 
D = -y(log E - log i), and for a single exposure, the expression 
in brackets is a constant, and "Y is therefore strictly propor
tional to D. 

Sheppard and Mees pointed out that since D = D..,( l - e-k1) , 

"Y = ")'..,(1 - e-*1), where -y., = "Y at infinite developmcnt.5 The 
-y, t curve corresponding to Figure 106 is plotted in Figure 107, 
t he calculated value of -y., being 1.28 and of k, 0. 170. 

T he magnitude, ""Y ~, that is, the limiting "Y of the emulsion, 
is of great importance. It states numerically the ultimate con
trast and quality of the material expressed by such phrases as 
contrasty, 8oft, and so forth. 'Y"' is, of course, proportional to 
the photometric equivalent (Chapter V, p. 226) of the reduced 
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silver, but it is dependent primarily upon the distribution of 
sensitivity among the grains and, thus, upon the size-distribu
tion curve of the grains themselves. The more uniform the 
grains are in sensitivity (and consequently in size), the higher 
will be the value of "(,.,. k, the velocity constant of develop
ment , is dependent on a numher of factors relatiug to the 

3 .06 2 .06 i.06 

LOG E 
FIG. 106. Change in the characteristic curyc with time of development. 

developer itself and to the nature of the emulsion. For the 
same emulsion, it can have a ny value, according to t he devel
oper, and it is notably affected by the temperature. For the 
same developer, it va ries very much with the emulsion, some 
emulsions developing with a much higher velocity constant than 
others, even though they may have the same value of "'oo· As 
photographic materials are kept, the value of k tends to decrease 
for some t ime owing to changes occurring in the gelatin, so t hat 
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while -y.., is almost constant during the life of the material, the 
rate of development tends to decrense somewhat with age owing 
to a decrease in the va lue of k. 

In practice, it is not easy to determine the va lue of,...., experi
mentally since the prolonged deve lopment necessary to attain 
an approximation lo ')'.., tends to produce fog. There is, there
fore, a practicnl limit to the contrast of a given mate1·ial wh ich 
can be attained during development, because at a certain value 

1.40 

1.70 

1.00 

0.80 

<>•o 

0.~0 / 
/ 

0.70 I 
I 

~------------
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FIG. 107. -y, t curve. 

of,.., the increase of fog prevents any further rise. With mate
rials of good quality, however, the practical value obtained is 
not far removed from the theoretical limit, and since ')' .., is not 
greatly affected by the presence of bromide, a bromided devel
oper may be used for its experimental determination. 

If two sensitometric strips are developed, one for twice the 
time of the other, so that l2 = 211, simultaneous equations arc 

obtained which on solution give 1'2 ~ 1'1 = e-k11, and therefore 

~ In ,..2 : ,..1 = k. The value of k thus found can be substituted 

in the general equation 'Y = -y..,(l - e-H) and will give the value 
of ')' ..,. This method of computation will be satisfactory only 

if the value oft is chosen correctly, so that; is somewhat less 

than 0.8. If it is greater than this, the inaccuracy of determi
nation increases very rapidly . (See also Ch. XIX, p. 731.) 
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When duplicates of the series of exposed strips used for Table 
XXVIII and Figure 106 were developed in a solution to which 
had been added 1.19 grams per liter of potassium bromide 
(N / 100), the results are represented by t he curves in Figure 108. 

3.oe 2.06 i.06 
LOG E 

FIO. 108. Chnractcristic curves from strips developed in a. 
bromidcd developer. 

0 

It is seen that the effect of bromide is to shift the stra.ight lines 
parallel to their former position to cut the axis at points corre
sponding to greater exposures. Also, the straight-line portions 
of the curves still intersect at a point, but this point is below 
the regular logE axis. These effects of bromide in the devel
oper were first pointed ou t by Hurter and Driffield 6 and were 
discussed in detail by Sheppard and Mees 2 and by Nietz. 4 

Sheppard and .Mees studied the effect of bromide in ferro
oxalate developers. Their experiments showed that with devel
opers containing up to N /50 bromide, the development factor, 
"(, is unaltered, but log i is raised; that is to say, the depression 
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' of the density, D, is constant over a certain range. Above N/50, 
the effect on log i is relatively less, while "Y is now lowered so 
t hat there is no longer a period of constant depression. T his 
and the consequent raising of log i become less as the time of 
development is increased, and on ultimate development dis
appear. In consequence, a definite regression of the inertia takes 
place. The shift .6. log i from the data obtained appears to be 
directly proportional to the concentration of the bromide and 
inversely proportional to the time of development, as seen in 
Table XXIX. 

Time,t 

4.0 min!f. 
l'i.O min~. 
6.0 mill~. 

8.0 mins. 
12.0 rnins. 

T ABl,E XXIX (Sheppard nnd Mees) 

P - A log i X time of dc!!i:l()pment 

Pf()rN/tfXJ KBr P forN/IOOK Br 

0.52 

0.54 
0.53 
0.50 

1.20 
1.00 
1.35 

I. OS 

P for N/iiO K Br 

2.08 
2.16 
1.72 

1.50 

It is pos.<;ible from these data to give correction formulas for 
the effect of bromide on the exposure and development curves. 
For the cxpo..•mre, 

D = "Y log ~- lltN. 
where N is t he normality of the bromide and t, the time of 
development. The effect on the development curve is similarly 
obtained. Without bromide, D = D.,( ! - c- .t•), and the addi-

t ion of bromide results in the correction term, k'ir, so 

D = D., ( l - e-kl) - k'~r. 

Sheppard and JV[ees concluded that the nature of the retardation 
of the growth of density by bromide could be expressed as 
follows: 

"Whilst with no bromide every density grows proportionately 
from the s tart, hromidc causes un inilial induction- or rctardat.iou
pcriod, the length of which depends both on t he exposure and the 
bromide concentration.'' 
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Sheppa.rd and Mees pointed out that development is essen
tially a reversible chemical reaction. This was demonstrated 
very definitely by them for the ferro-oxalate developer which 
they used. Other developers arc not reversible in the same 
sense since, in most cases, the fi rst oxidation products which 
·could produce a reverse reaction are removed from t he solution. 
Considering the reversibility of the ferro-oxalate developer, 
Sheppard and :VIces wrote: 

" The course of ehcmieal reactions in heterogeneous systems is 
likely to be very eomplicated, unless one of the proCCS.'WS is rela· 
t il'ely far slower than the others. Nernst's theory 7 assumes that 
diffusion determines the velocity; but this is not always the case, 
and other conceptions arc then necessary. A very comprehensive 
theory of reaction velocity in heterogeneous sy~;tcms was advanced 
by Wilderman,8 in which, however, diffusion is not considered. On 
the basis of Lhis theory, it Clttl be shown that, neglecting the 'inva· 
s ion' of the developer, the course of t he reaction i~; still represented 
by much the same funct ion of the density of t he image, while the 
existence of the reverse reaction can give rise to an induction period, 
which expe riments demonstrate.~ The process of development may 
be formulated ~~ follows : 

Ag+ + llr' + Fc(C10~h" ;::::!: Ag (in solution) +Dr'+ Fe(Ct01h ' 
!I II 

AgBr (in solution) Ag (solid) 
II 

AgBr (solid) 

"The vtu·ious processes may be considered as follows. For t he 
rate of solution of the silver bromide, we have 

AgBr := AgUr (in solution) 

~ ~ K (Co - C)S• 

where Co = saturation or equilibrium concentrat ion, 
C = concen tration at t ime l, 
S = surfltCe of silver bromide. 

"For AgBr in solution ;::::!: Ag+ + Br' 

•The syml>ol• in t.hCIICe(IUittiofl!l havQ!.>oon chnnJ;Ccd to mukuth('mdQnr<!l'. 
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"For the reduction, 

d :,• ~ K"[Fc" J[Ag+J - K"'[Fc' ][Ag] 

"And for the precipitation or solution of metallic silver 

d d~g = Ki~S'(Co' - C') 

415 

"Silver is precipi tated or d issol ved according as its concentration 
is above or below saturation. But if S', the surface, be nil, metallic 
si lver will s till be precipitated at a certain concentration, so that 
'Vilderman introduces an 'instabil ity constant,' say J, and we have 

d d~g ~ K''(S' +/)(Co' - C') 

"A.~tmming a certain state of balance among these simultaneous 
reactions, a general equation may be obtained integrable under 
certain conditions. We have further to consider the supply of 
reducer by diffusion, 

d Fe" a6 
- dt ~ r; (D. - D) 

"It is obvious that unless one action be entirely predominant by 
rca.':lon of its slowncs.s , the velocity-curve will be complicated, as in 
graded homogeneous reactions.'' 

An explanation of the way in which bromide produces a retar
dation a.t the initiation of development depends upon the theory 
which has been adopted regarding the initiation of development. 
If it is considered that the developer forms a saturated solution 
of metallic silver, the precipitation of which depends upon t he 
presence of the latent image, t hen it is clear that the addition of 
bromide to the solution will lower the solubili ty of the silver 
halide and diminish the concentrat ion of silver ions available 
for reduction. If, however, the developer actually attacks silver 
halide in the solid state, the effect of bromide will depend upon 
its influence upon this rea ction between the two phases-the 
reducing developer in solution a nd the solid silver bromide. 
(For the mechanism of such reactions, see Chapter VIII.) 

Nietz studied at length the depression of density as a result 
of the pre::;ence of bromide in the developer. As has a lready 
been pointed out, the effect of bromide is to depress the inter
section poin t of the straight-line portions of t he curves below 
the logE axis. Nietz adopted as t he best criterion for the exist-
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ence of a common intersection point the relation between the 
density and -y. If this curve is a stra ight line, the straight-line 
portions of the characteristic curves intersect at a point , and if 
the line passes through the origin, this point is on the logE axis. 
If, furt her, the D, 'Y curve is a stra.ight line but docs not pass 
through the origin, then the straight-line portions of the char
acteristic curves meet at a point which is not on the logE axis. 
The abscissa co-ordinate of this point may be termed a, and the 
ordinate, b. An experiment of Nietz' is shown in Figure 109, 

y 
Flo. 109. D, 'Y curves for pnraminophenol developer with vnrying 

concentration of bromide. 

the developer being M / 20 p-aminophenol using various concen
trations of bromide. It is seen that all the D, -y curves are 
straight lines and that, as the bromide concentration increases, 
the lines recede from the origin, corresponding to the depression 
of density for the same 'Y and indicat ing that the intercept of the 
straight-line portions of t he curves is depressed below the log E 
axis. In Figure 110 is given a general case showing the depres
sion of the point of intersection. From this, 

d ~ WN ~ lVT + TN; 

f.}; ~ 1; WT ~ (TMh ~ (a, - a,h; 
TN = - b2 + b1. 
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Therefore, 
d - - b, + b, + (a, - a,)y. 

If the a and b values for zero concentration of potassium bromide 
a re called ao and b0, the density dcpre~S.Sion, d, is given by 

d - - b + b0 + (a - a0 ) . 

But, for the normal case, b0 = 0 and a = ao. Therefore, the 
depression caused by the concentration of potassiwn bromide, 
C, is 

d- - b, 

and this is independent of 1'· If, now, the density depression, 
d, as measured in tltis manner is plotted against the logarithm 

w 

FIG. 110. Generalized characteristic curves showing the depression of t he 
inertia point due to bromide. 

of the corresponding bromide concentra.tion, a straight line is 
obtained whose equation may be written 

d - m(log C - log Co), 

m being the slope and log Co the intercept on the log C axis. 
Nietz found that all these d, log C curves, in which t he depres-
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sion of the intersection point is plotted against t he logarithm of 
the concentration of bromide, show the same slope, t he slope m 
being 0.43. T he evidence which N ietz presents for this seems 
to be somewhat doubtful, a nd there i:-;, at a ny rate, some con
:;iderable evidence t ha t hydroquinonc persistently shows a higher 
.slope for t he d, log C curves than the ot her developers ; but Nietz 
consid~red t hat he was justified in assu ming t ha.t the slope m is 
independent of t he emulsion and of the developer UHed, that is , 
t hat the rate of change of depression with the bromide concen

. t rat ion is independent of the emulsion, the developer, and the 
bromide c:oncentration itself. If this is so, t hen, for any two 
developers, a. comp:trison of the Co values at which the same 
depression is produced can be used to show t he resistance of the 
developers to the effect of bromide. 

Sheppa.rd 2 first suggested that if the depression in density 
produced by bromide is a measure of the activity of the devel
oper, the depression could be used to give a dynamic method of 
measuring the energy of a developing agent, since its effect 
should he a function of the natural potent ia l of a developer in 
relation to its oxida tion product. Thus, it was found that the 
concentration of bromide required to p roduce the same depres
sion as N / 100 potassium bromide in the ferro-oxa late developer 
was 0.0113 for hydroxylamine ; 0.0052 N for hydroquinone at 
34 per cent development and 0.0070 N at 40 per cent develop
ment ; and 0.034 N for p-aminophenol. These values were taken 
as expressing the rela t ive reducing ener~ies of the developers 
compared with ferro-oxalate. It is seen that p-am inophenol i!:i 
much the most energetic of t hose tried ; next comes hydroxyl
amine; while hydroquinone has only from one-ha lf to two-thirds 
the energy of ferrous oxala te. 

The results for alkaline development obtained by Sheppard 
a re numerically tabulated under the following terminology: 

k = velocity of development per gra m molecule at 20° C. 

= ~ log10 'Y"' "Y~ "Y · 

E = effieiency, i.e. , vc\oeity of development compared with 
ferrous oxalate at 20° C., divided by R. 

- - - - - --- ---
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R = reducing power, i.e., gram molecules of silver bromide 
reduced by one gram molecule of reducer. 

T.C. = temperature coeffi cient = kr tr 100 . 

F = energy = concentration of bromide p roducing the same 
retardation as is given by 0.01 N potassium bromide 
with ferro-oxalate. 

8UMMAI\Y OJ' VAHJOUS FACTOHS H.ELAT ING TO TilE PllOI'EI\TtEll m• DEVELO I'E RS 

(Sheppard) 

~Wpcr R E 1'.C. 
Ferro-oxalate 
l•'e(C,O,),- 0.061 1.00 1.70 0.01 N - 1.00 

H ydroxylamine 
N H,O- 0.305 5.0 2.10 0.0113N - 1.13 

H ydroquinone 
c.H.o,- 0.146 1.20 2.80 0.0052 N - 0.52 

O.OOiO N - 0.70 

p-Aminophenol 
o-

/ 
c.n, 

" NH, (2) 0.550 4.5 1.50 0.034 N - 3.4 

Metol 
o-

/ c,n, 

" NHCH, (2) 0.500 4.4 1.25 

Extending this work, Nietz calculated from his values for Cc 
the relative bromide potential, 1TBr, as fo llows: 

" The greater the value of Co, the lower the bromide sensitivi ty 
of the developer. I·lenc~, 

bromide sensitivity a: ~ • 

But the greater the value of C0, the greater the bromide potential. 
Therefore, 

'11'\lr = / (Co), whi ch ifl possibly '~~'ll• = K log Co. 

But for the time being t his is arbitrarily defined as 

rnr = K Co. 
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"At present there is no means for determining this constant K . 
T he bromide potential of a developer X will be (-.-6 ,)z = K(C,),; 
that for a given standard developer will be {wn,)sw. = K(Coh•<~ . 
Consequently the rel:ttive bromide potential, "II"Dn for any developer 
X referred to a given standard is 

(.,,), K(Co), (C,), " 
"~~"ur = {wn,)stcl. = K(C.,)atd. = (Co)std . . 

This relation was used by Nietz for obtaining the values of "11"11, 

for a large number of developing agents (Chapter I X, p. 352). 
There is little doubt that the amount of depression in the 

developed density produced by the addition of bromide to a 
developer is of signilicance as a measure of some expression of 
the activity of the developer. At the same time, the numerical 
results obtained in a limited study of the subject are of some
what doubtful validity, and much further work is required to 
obtain results having definite value, especially in relation to the 
chemical structure of the developing agents. 

Nietz found that the velocity ratios of developers arc approxi
mately proportional to their bromide potentials, as shown in 
Table XXX. 

TABLE XXX 

RET • .4.TTVF. PoTENTULS (Xietz) 

FriYI>Ivelvcity 
ratiQII r n, 

Pyrogn.llol 13 16 
Dichlorhydroquinonc II 
Dimcthyl-p-aminophcnol 10 10 
p-Aminv-1net:wresol 9.5 
Bromhydroquinone 8.4 21 
Dibromhydroquinone ' p-Amino-orlhucreliOI 7 7 
Chlorhydroquinone 7 7 
Toluhydroquinone 7 2.2 
p-Aminophenol 6 6 
Ferro-oxalate 5.7 0 .3 

In the study of the chemistry of development., it is of great 
importance to determine D"" with as much precision as possible, 
but from the photographic point of view, the determination of 
'Yoo is most important since this is a property of the photographic 
material itself. While it is dependent to some extent upon the 
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development, the variation in the value of 'Yoo among photo
graphic materials is of extreme importance as conditioning the 
properties and uses of these materials. As has been, pointed out 
already, 'Yoo can be determined experimentally with bromided 
developers, and it may be computed also with considerable 
accuracy if Doo is known and the co-ordinates of the intersection 
point of the straight-line portion of the characteristic curves for 
different times of development are also known. The relation 
between density and 'Y is expressed as 

D ~ ~(logE - a) + b. 

From data on the D, 'Y relation, especially with bromide, wherf': 
upon prolonged development 'Y"' is close ly approached, th<Jw?, is 
every reason to believe that this relation holds at thu l'1f1l.it; 
that is, 

from which 
D. ~ ~.(logE - a) + b; 

D. - b 
-y.., =logE- a' 

Consequently, 'Yoo may be calculated if Doo is known (from a 
velocity curve at some particular value of log E) and the val1.1es 
of a and bare also known. In the complete study of an ordinary 
developer, all these can be determined with a fair degree of 
accuracy. 

There is no doubt that some developers can reduce more silver 
for the same exposure than others and t hat the value of D"' and, 
consequently, of 'Yoo will depend upon the developer used. 

Nietz determined t he values of 'Yoo for several developers, of 
which he had also determined the relative bromide potential, 
11"or, from the concentration of bromide required to give the 
standard depression of density. In his results, D.., and k were 
found by means of the equation D = D .. ( I - e- k l»« '''o) applied 
to the D, t curve for a fixed exposure, since he found this equa
tion to hold much better than the equation D = D"'(l - e- kt ) 
(p. 428). a and b were found from D, 'Y curves for the same 
exposure, and 'Yoo was then computed from the equation above. 
In these first results Nietz found that D,., and -y,., increase with 
increasing 1rB• (Table XXXI). Further work, however, showed 
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TABLE XXXI 

BuOMIDE POTE!>"TIAL AND D'~> · ·oR VARIOUS DEVELOPING AGEN'l'S (Nieh) 

Develcper 

M / 25 Bromhydroquinone 
M / 20 Monomethyl-p-aminophenol sulfate 
M / 20 Chlorhydroquioooe 
M/ 20 p-Aminopheool hydrochloride 
M/ 20 Toluhydroquinone 
M/20 p-Phcnylglycioe 

21 
20 

7 
6 
2.2 
1.6 

D. 

3.7 
3 .9 
2.7 
3.2 
3.3 
2.8 

2.29 
2.33 
1.62 
1.99 
1.75 
1.55 

that D'S> and 'Y'~> do not always increase with '~~"n•· Thus hydro
quinone, though a developer of high bromide sensitivity (low 
11" 0 ,), can produce high maximum density and contrast. Nietz 
extended this work to a great range of developers, with which 
he developed exposed strips of the same material, and since 
his results, and especially the values of D'S> which he obtained, 
are of interest, they are given in Table XXXII (p. 423). 

This table does not by any means show that D., always varies 
with the values of '~~"B• obtained by the method adopted. But, 
by this method, developers may be compared on a basis which 
is more or less independent of the observer, the degree of de
velopment, and numbers of spechl factors; and it is quite cer
tain that several definite tendencies are indicated. These may 
be summarized as follows : 

D'S> and ')"., for a single emulsion may vary greatly with differ
ent reducing agents. 

The value of the maximum density, D'S> , tends to be greater 
the higher the bromide potential of the developer. Exceptions 
to this rule may be accounted for in a number of ways, on none 
of which is there definite information. 

')"., shows an unordered variation with any of the propert ies of 
the reducing agents. The lowest values are obtained for devel
opers of the lowest bromide potential, but this relation does not 
hold with higher values. The intersection points of the char
acteristic curves show similar unsystematic shifting. Because 
the inertia value is a function of some other property than the 
bromide potential of the reducing agent, 'Yoo is also. For devel
opers giving about the same inertia value, ')"., tends to be higher 
with increasing potential. 
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TABLE XXXII 

BROMIDE POTENT!~!. ~NO OrnE~ F~CTONS FOtl V~RIOUS DEVEJ.OPINO AOENTS 
(Nictz) 

Dc~ocl .. per D. k 

M/20 Tuluhydroquinone 4.40 2.2 1.67 .03 I.ar. 
Dinminophcnol plus alkali 4.2 40.0 1.40 .60 0.6 
p-Aminophcnol 4.2 6.0 1.84 .44 1.0 

p-Amino-met acresol 4.0 0.0 1.33 .72 1.24 
Mcthyl-p-amin<KJrthocrcsol 4.0 23.0 1.26 .60 .3a 

Pyrogallol 4.0 16.0 1.22 .57 0.78 
Chlorhydroquinone 4.0 7.0 1.82 .52 1.3 

Hydroquinone 3.8 1.0 1.26 .95 LAO 
Dibromhyd mquinone 3.8 8.0 1.27 .80 0.80 

p-Ami•lo-orthocTCilOI 3.8 7.0 1.27 .70 O.S7 
Urom l1yd roquinonc 3.8 21.0 1.73 .66 1.27 
Eikonogen 3.8 1.43 .47 1.7 
Monomethyl-p-nminophcnol 3.6 20.0 1.50 .58 .70 
D iaminophenol, no t~.lktdi 3.6 1.03 .55 .30 
Catechol 3.6 1.68 .52 .f>O 
Dichlorhydroquinone 3.6 11.0 1.29 .53 .AO 
Edinol 3.6 1.22 .46 1.9 

Phenylhydrazine, no t~.lka.li 3.5 1.0 .03 8.;) 
Dimet hyl-p-aminophenol 3.2 10.0 1.18 .61 0.75 

Ferro-oxalate 3.1 0.3 1.29 .55 0.97 
Benzyl p-aminophenol less than 

(Durnt.ol) 2.4 5 0.98 .34 2.27 

-p-t>henylcnr:fli>Lmine 1.7 0.4 0.58 .34 2.10 

The unsubstituted aminophenols stand at the head of the list 
in Table XXXII; next, the hydroxy benzenes and their halogen 
substitut ion products ; and the amines are at the bottom. 

Hydroquinone and its mono- and di-chlor- and brom-deriva
tives seem to be nearly identical in this classification, though 
their bromide potentials vary greatly. This may be because 
the mechanism of t heir oxidation is the same, while other con
ditions a lso are similar and mask any effect of potential. 

Most .cases which show a systematic variation of D"'" with 
bromide potential also show systematic variation in what, is 
erroneously termed the a rapidity" ; that is, the t ime required 
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to develop a definite intermediate density. The densities devel
oped in, say, two minutes for each case tend to be in the same 
order as the values of D~. This is evident from the character 
<Jf the equation D = D .. ( l - e-t h • '''1), since if k and l1) are nearly 
constant, the density for a fixed time will vary with D... From 

, the data given, it is seen that the variation in k ilS not great and 
that for many compounds lo also does not vary widely. 

A close relation between the rate of development and the final 
density is to be expected, since the final density,/)"'' is a function 
of this rate. It must be remembered (Chapter I V, p. 138) 
that each grain in which development is started is developed out 
to complete development with most developers. The final den
sity, D .. , is t ha.t of the completely developed grains for which the 
developer could stru-t development. Where the same meelta
nism of development prevails, the number of these gmins varies 
wit.h the activity of the developer: the more active developers 
attack even slightly exposed grains, which stay mu.leveloped in 
weaker developers. One of the main criteria for a good devel
oper is :L sharp difference in reaction rate for the developable and 
the undevelopable grains at whatever size of the latent image 
this limit exists. This selectivity, which is discussed on p. 455, 
was chosen by Shiberstoff 10 as one of the various properties of 
practical importance, by which developers could be classified 
quantitatively. It is designated by him as U and is intended 
to define the relation of the ra.te of development of the image 
to the rate of development of fog. 

Shiberstoff s tudied the mensured sensitivity of 1l11 emulsion in 
relation to the developer used. N ietz ·I fou nd a very wide range 
iu the effective sensitivity of a material according to the devel
oper used but consiUered that the variation of the emulsion 
speed, as it was determined by his sensitometric procedure with 
different developing agents, was fa r from orderly; he concluded 
that, on t he whole, the effective speed increases somewhat with 
the increasiOg reduction potential. 

Cheltzoff and Krashenimikova H also measured the variation 
caused by the developer in the values obtained for· sensitivity 
and found a maximum variation of about three to one. Shibcr
stoff found tha,t for the range of developers which he used, there 
is a variation of only about one to one and one-half. He gives 



THE KINETICS O F DEVELOPMENT 425 

the following table for results found by the three workers: 

TAllLE XXX III 

Chdlzof!and Shibcntof!(lml 
Nietz Kraahenimikooo Bukin 

p-Aminomcthylcresol 100 A duro! 79 Eikono~cn 31.5 
Pyro~allol 7G Metol 60 Pyrognllol 30.1 
Hydroquinone 46 Hydroquinone 54 A duro! 29.4 
Eikonogen IS p-Aminophenol 50 Catechol 26.8 

"MeW] 10 Pyrogallol 47 llydroquinone 25.1 
p-Aminophenol 7.6 Amidol 35 Glycin 25. 1 
Adurol 6.3 Catechol 29 1\Ictoquinone 24.4 
Amidol 6.3 Jl.tetol 22.7 
Catechol r; .r. p-Aminophcnol 17.6 

In this table the figures arc supposed to represent dctcrmina· 
tions, using different developing agents, of the "sensitivity" of 
a selected material. The three sets of determinations, howe ver, 
arc not comparable, and the usc of different materials would 
give very different resu lts. Nictz expresses his disbelief in the 
general validity of his results. 

From the sensitivity and maximum,.., which vary somewhat 
with the developing agent, Shiberstoff computed a coefficient for 
the effectiveness of a developer which he calls the degree of 
"perfection," 

lV ~ K·S,. ·~ •. 

He concludes that p-aminophenol, glycin, and catechol arc of 
the highest degree of "perfection," and hydroquinone is the 
least perfect of developers, while the commonly used metol 
hydroquinone, metol, and pyrogallol developers are in terrnedi· 
ate. He points out, however, that in practical work, a most 
important factor is the velocity of development, so that a devel
oper of moderate ~<perfection," having greater velocity, is to be 
preferred. He introduces a new concept, the degree of "prac-

ticability" (P ), where P = f!:. Developers arranged in order 

of descending P are given in Table XXXIV from Shiberstotf's 
paper. 

Jt should be poinlcd out tha.t the determination of coefficients 
such as W and P for genera l application would require an enor-
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mous amount of work, since it would be necessary to establish 
them not only for developing solutions of a wide range of com
position but a lso for a great number of different emulsions. It 

TABLE XXXIV 
T n t: "i>KACTICAB!LlTr" o~· DEVEWl•t:WI (Sh ibcrstoff) 

P (I6°C.) 

Metoquinone and metol hydroquinone 69.1 
Metol 58.6 
Py rogallol 55.0 
p-Aminophenol 52.1 
Bromhydroquinone 35.3 
Catechol 33.6 
F.ikonogcn 30.8 
Chlorhydroquinone 28.0 
Glycin 27.6 
Hydroquinonc 14.7 

is very doubtful indeed whether any generalization could be 
drawn, t hough it is possible that the measurement of these 
coefficients for a given cmuision and a given series of developers 
of similar composition would have some value. 

THE EQUATIOKS EXPRESSING THE VELOCITY OF 
DEVELOPl\.-IENT 

As is shown on page 400, the equation which expresses the 
course of development of a density for the simplest case was 
found by H urter and Dritficld and Sheppard and )i[ees to be: 

kt- In D.D:_ D or D - D. (l - e-"). (! ) 

It is hardly to be expected that the course of so complicated 
a process as photographic development in the presence of a lkali 
could be described by so simple a law, since changes at various 
stages are known to exist. Even if equation (I) held approxi
mately over a considerable range, there would be possibilities of 
several complications which might increase in importance as time 
went on or would be of more importance in the early stages of 
the process. For example, it is unlikely that diffusion of the 
developer into the gelatin emulsion and o£ the reaction products 
out of it is t he simple process assumed. Through adsorpt ion 
and various other physical phenomena, relatively large local 
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changes may occur in the concentra tion of the developer. In 
such a case, development might a,pproximate a second-order 
rea,ction, the velocity being proportiona,l both to the mass of 
latent image remaining to be reduced and to the concentration 
of the developer ; that is, the quasi~bimolecular form, 

'¥[- ~ k(D. - D)(A - B ), (2) 

may be a more nearly correct expression. A is the concentra
tion of the developer at the beginning, and B equivalents were 
used at the timet. The integrated form is 

I D.(A- B ) 
k ~ t In (D. - D )A . (3) 

If, over a range of times, B is small compared with A (and this 
is often the case since a very small nmount of silver is formed 

compared with the amount of developing agen~ present), A ~ B 

will be nearly equal to unity, and the last equation becomes prac
tically t he first-order form. But, if, by tanning of the gelat in 
or other mechanical means, inclusion of the developer occurs, so 
that its local concentrat ion changeR as t ime goes on, then a 
gradual departure from the first-order law takes place. Some
thing like this docs occur, but the phenomena a re undoubtedly 
more complex than the above explanat ion suggests. 

It is not impossible that two successive reactions of the first 
order take place and give rise to disturbing influences at the 
beginning. As Mellor points out, if k1 and k2 for two such 
reactions are widely different, the general trend of the reaction 
is a close approximation to a single first~order reaction after 
ini t ial disturbances, and the sooner they take place, the greater 
the ratio kdk2. The simple equation (l) fits the data only for 
t hose cases where the time of appearance of the image (p. 433) 
is short, and then only for the early stages; that is, the develop
ment reaction follows the first-order law for a time, but this law 
does not completely describe the process. In case the time of 
appearance is long and there is a considerable induction period, 
t he velocity equation can be corrected to some extent by allow
ing for the initial period of inactivity, as was suggested by 



428 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

Sheppard. This can be done by introducing into the equation 
the time of induction to. Thus, the velocity equation becomes 

k(t - ~) - In D.l~ D 

or, in exponent ial form, D = D oo(l - e-t(Hol) . The differential 
form of these equations is, of course, unchanged: 

<lf?- k(D.- D ). 

Nietz showed that while this equation with its correction for 
the induction t ime fitted the observed increase of density with 
time in the earlier stages of development, it failed to represent 
t he later course of the reaction, so that the simple velocity equa
t ion in which the induction period is taken into account is still 
not entirely satisfactory as representing the reaction. N ictz 
pointed out that in the great majority of cases, the funetion 

In D~D:_ D would give a !Straight-line relation over a consider

able range when plotted against the logarithm of the time instead 
of the time itself. He proposed that this relation should be used 
both as giving an improved equation for the representation of 
the velocity of development and as a method of determining the 
effective value of D<r,. 

When log D .. D:_ D is plotted against log t,* as just described, 

the equation for t he stra ight line is 

. k(log t - log lo) - log D. D_: ]) , 

the slope being k, as before, and the intercept on the log t axis, 
log to. In the exponential form, this is 

D = Doo( l - e-t los II'•), 

which, differentiated, becomes 

• In pme tieal 8ensito metry, the value of k is nrljust«i for the liM or enmmon logarithme, 
Bn(l !.he t raMition from nu.turnl loa.:n.rilhmB i~ nu•de hero t.o oorre~~pond with the vttlucs 
gi\'e n hy :-Jitt&. 
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This last equation shows that the velocity is inversely propor
tional to the t ime, a fact for which there is no satisfactory expla
nation. 1t is possible t hat t his change of the velocity as t he 
development proceeds may be due to the accumulation of oxida-

sl~ QQ .. 
0 
.J 

• TIME:-MIN. 

FIG. 111. Plot of log D~D:_ D against time of development. 

10 
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' tion products and of bromide ions. k no longer has the same 
meaning as in the simple velocity equation for development. 
Nietz gives an example of the method in which a group of data 

Flo. 112. Plot of log D,.,D:_ D against log l. 
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could be fitted with an equation of this form. This, of course, 
involves the choice of a suitable value for D ... 

The experimental materia l was derived from a serieS of devel
opments carried out with monomethyl p-aminophenol sulfate, a 
developer which Nietz found to show wide departure from the 
first-order equation 

!!jf ~ k(D. - D). 

The observed densities are plotted against the time of develop
ment, and a smooth curve is drawn. Then, using the data from 
the smooth curve, several estimates were made of D .. , and the 

vnlues of log D .. D:_ D were computed and are plotted against 

the time of development in Figure 111. The value of D .. used 
for each curve is shown in the figure. I t is evident that even 
the value 2.00 is too high to produce a stmight line over any 
range, and yet this value was reached experimentally after about 
three minutes' development. 

In Figure 112, the values of log D~ D:_ D are plotted against 

log t instead of against t, and it is seen that a value for D~ of 
2.80, which is a reasonable value from the da ta, gives a straight 
line over the entire range observed. For the value D .. = 2.80, 
therefore, 

k(log t - log lo) - log D. D::_ D, 

in which the constants are as follows : 

k ~ 0.58; 
D. - 2.80; 

log lo = - 1.05; 
lo = 0.11. 

Putting the equation above in the exponential form, 

D = D.,(l _ e-k 1o1 l it•); 

and eomputing densities by means of it, with the constants 
indicated, they agree very well with the experimental results 
obtained. Obviously, it is unnecessary to go to the addit ioual 
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labor of computing densities, since the curve of log D.,D:_ D 

plotted again~;t log l indicates t he nature of the agreement. 
R. B. Wilsey ~;uggested the following modification of the Nietz 

formula : 

This natura lly describes the development proccs.'3 more clearly 
from beginning to end, since it is more complex and contains an 

. additional constant b. In most. cases, t he equation yields prac
t ically the same value for D., as Nietz' equation. 

The four forms of t he velocity equat ion which have generally 
been applied may be summarized in the table shown below. In 
arldition to this, a number of more complex forms have been 
suggested in order to represent the extremely complica.ted course 
of development a$ closely as po.ssible. 

TAllLE XXXV 

FonM!I m· VJ,:Loci T Y EQUAT ION UsF.n 

Pir~t lkri<ati•~ 
Loo Porm. E;n)o(lnelliial Form - Vel""ity 

•I kt - log D::IJ D • D"'(l-.,-") ~-k(D,., -D) Applied to photo-
llfll.ph ic nlll.t<>rial 
hySheiJPard and 

"~ 
II k (t-lo) ,.. Jog D::D D •D..,(l-~411-<ol) ~ -k(D..,-D) Correction~tpplied 

to l hy Sbeppud 

II I k(lo~~: t- logt.) l> •D..,(l-r~ t<>e•t~o) ~ -~ (1)., -D) Niets 

• • ..," n~:n • kt-•cn .. - D> 

I V loR k+b l<.>~ot(l -lo) D "'D00(1 -~4U-<ol~ T, -W-'<Doo-D> Willley 

•loglo~ot /J~)"!:Jj 

THE EFFECT OF THE COM POSITION OF T HE DEVELOPER 
UPO~ THE VELOCITY OF DEVELOPME NT 

The velocity of development depends, of course, upon the 
composition of t he developing solution. The effects of the total 
concent ration of the solution, of the concentration of t.he devel
oping agent, the sulfite, the alkali, and the bromide, have been 
invest igated for a number of developers. Hurter and Driffield 6 
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studied the effect upon the progress of development of the com
position of the ferro-<>xalate developer and of pyrogallol devel
opers, using a mmonia and soda as the alkalis. Sheppard a nd 
Mees s tudied ferro-oxalate, hydroxylamine, p-aminophenol, and 
hydroquinone, while Nietz studied the hydroquinone and methyl 
p-aminophenol developers. 

A simple method of great value in the study of the effect of 
components and concent ration of the developer upon the velocity 
.of development is the determination of the time of appearance 
of the image. Watkins 12 showed that for any given reducer, 
the time of appea rance of the image is proportiona l to the time 
required to obtain a given degree of development; any variation 
in concentra tion, temperature, and so forth affecting the time 
necessary to reach a given density or development factor affects 
the t ime of appea rance in the same proportion. Thus, 

where 

and 

lo = JV X la, 

ln = the time to obtain the density, D, 
t" = the time of appearance, 

W = a constant known as the W atkins Factor. 

When photographic materials were not sensitive to red light and 
the time of appeara nce could, therefore, be watched by means 
of the da rkroom lamp, this rule formed a valuable guide to the 
time of de velopment because, to a considerable extent, the time 
of appearance does vary in proportion to the total time of devel
opment for differences in temperature and in the photograp hic 
materia ls used. The statement is not t rue in general, however, 
and if conditions are changed with complex developing solut ions, 
it can not be considered valid. 

Sheppard and Mees 13 give the following explanation of the 
Watkins' rule and of the limitations to its validi ty : 

"The density, 8, first visible, is a small but constant fraction of 
the total density, being a psychological constant-a threshold value 
of perception. For the same cxposum, 8 measures an equal frac
tion of the total change; for the same dcvd oper, with different 
exposures, it is t he same fraction of the oxidation of the developer. 
Now, if two analogous reactions proceed to eq ual fractions of the 
total change, the correlated t imes arc inversely as the velocity 
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factors. Hence, if D, and D2 are two final densities, and A a fixed 
density less than these, while lh and 02 are the times of appearance, 
t, and Is the respective t imes to reach the density A, then 11/61 

= h/ 0.: = t~fO,. = constant lV, whose numerical measure is pro· 
port.ional to the Watkins multiple, and depends only on the velocity 
function. T he general theorem is only true for simple reactions, 
a nd docs not hold for 'graded,' 'catalysed,' and so forth. 1'he same 
limitations hold for development, and the coupling of simultaneous 
react.ions, or initial disturbances, varying with different. reducer.-;, 
arc sufficient to account for the wide variation of the Watkins 
mult iple, as well as its occMional inconstancy with the same de
veloper. DC\riations may occur for such a small fract ion of the total 
change and yet the development function remain much the same." 

For accuracy, it is necessary that time of appearance should 
be neither too short nor very long. In experimental work, a 
considerable amount of light may be usedi since the later pro· 
duction of fog is usually not of importance, the timing may be 
carried out with a stop watch or, more conveniently, with a 
simple type of chronograph, using a key to mark the time of 
appearance. While the Watkins' factor is little affected by t he 
concentration or temperature of the developer, it varies greatly 
with the bromide concentration. 

For ferro-oxalate, Sheppard and Mees showed that the veloc
ity constant, k, of the development equation is proportional to 
the total concentration of the developer. Provided t hat t he 
concentration multiplied by the time is a constant, therefore, 
either may be varied independently and the same -y will be 
obtained. An experimental result obtained by Sheppard and 
Mecs is given in the following table: 

TABLE XXXVI 
f:FFE CT OF THE COXCE !I..,.RATION OF A FERRQ--OXALAT!l DEVEUH'Ell OX DEX!II TY 

(Sheppard and Mees) 

Density 
Cone. N/ 5 N/10 N/f!O N / 40 

l Af!E t(min.) 1.5 ."1.0 6.0 1!'!.0 Moon 
2.48 1.358 1.440 1.446 1.414 
2.19 1.302 1.248 1.278 1.270 1.274 
l.S!l 1.004 1.114 1.104 1.120 1.108 
l.GI 0 . .'!92 0.892 0.902 0.850 0.884 
I.Z<l O.G<J.I O.GSS O.G76 0.708 0.644 
1.05 0.442 0.436 0.428 0.358 0 .414 
0.83 0.244 0.244 
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Alkaline developers behave in approximately the same manner 
but, owing to the greater complexity of developing solutions 
containing organic developers, the time of development is not so 
strictly proportional to the concentration. In the case of alka
line development, there are three possible methods by which the 
effective concentration of the developer may be varied: 

1. Change in the total concentration with the proportion of 
the different components of the solution remaining unchanged; 

2. Change in the concentration of alkali; 
3. Change in the concentration of the organic reducer. 

Sheppard and .Mees found that with developers such as hy
droxylamine, hydroquinone, p-aminophenol , and methyl p-ami
nophenol, a change in the concentration of the solution could 
not be compensated by a proportional change in the time. Thus, 
with hydroxylamine, using N/20 solution and N/10 alkali, if the 
concentration was halved, the time of development for the same 
'Y was 2! times as much. With p-aminophenol, the velocity 
was approximately proportional to the alkaline concentration 
with a constant excess of solution and nearly t he inverse of the 
reducer when the alkali and the reducer were present in quarter
molecular proportions. Thus, measuring the t ime of appear
ance with quarter-molecular quantities for p-aminophenol hydro
chloride, and sodium hydroxide in different volumes of water, 
they found the times of appearance given in the following table: 

TABLE XXXVII 

T!!>IF. OF APPEARANCE AND CO!'CENTRATION (Sheppard and MCCil) 

t...inSeconds Volume V •tV C011ee1Uralivn 

5.0 1.0 5.00 M /20 
10.3 2.0 5.1 5 M /40 
21.0 4.0 5.25 M/80 
39.0 8.0 4.00 M/160 
81.0 10.0 5.00 M /320 

247.4 32.0 7.73 Af/640 

It is seen that the initial velocity is proportional to the concen
tration until the concentration falls to about M /320, after which 
the velocity falls off more rapidly owing to either increased 
hydrolysis or a diminished potential. 
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A simila.r study of the effect of concentration of developing solu
tions on the rate of development was carried out by Nietz and 
Whita ker. u The developer used had the following composition : 

Dcvclopingngent.; 
Anhydrous Sodium Sulfite 
AnhydroUl:l Sodium Carbonate 
Water to make 

M /20 
50gmms 
50 grams 
I liter 

Their results for thrcc·developing agents are shown in Figure 113. 
Curve A corresponds to methyl p-aminophenol ; B, to pyrogallol; 

"and C, to ,e;lycin. It is seen that t he optical density obtained 

:~f4If#R I 
2 1 1/2. 1/4 1/6 1/lfo V32. CONC· 

Fw . 113. Effect of the concentration of t he develope r on the rate 
of development. 

at first increases with dilut ion, then passes through a maximum, 
and decreases again if the product of concentration and time 
is held constant. 

The effect of the concent ra tion of developer upon develop
ment was studied a lso by ChibisoiT. 15 Using a methyl p-amino
phenol developer, he found that the inertia is not affected by 
the concentration and only to a very small extent by the tem
pera ture of the developer, and that if a change in the concen
tration is compensa ted for by a change in t ime, the variation of 
'Y with the changiug concentration is small. This work was 
extended by Chibisoff and his collaborators to cover a number 
of different developers. The developing solution had the follow-
iug composition: 

Developing agent 
Sodium &llfitc crysta]R 
Sodium Ca.rhonnte crystals 
Pob.~iurn Bromide 
Water to make 

M/?fJ 
lOO !l:mS. 
54 gms. 

l gm. 
1000 cc. 
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The following developers were used: 

Catechol 
At!urol 
Pyrogallol 
p-Arninophcnol 
:Me to] 
Glycin 
Am idol 

Amounl perJOOOcc. 

5.5gm~. 
7.2 gmA. 
6.3gms. 
7.3grns. 
8.6gm~. 

R4gms. 
IO.Ogms. 
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Development was at 15° C. The 1', t curves were plotted. The 
followin~ table shows the 1' values when concentration X time 
is constant. 

TABLE X:XXVlli 

VALUES OF -y FOil YAillOIJR D~;vf;LQPTNG AGt;:'\Tt! WHEN CONCE:STRATTON X TTMF. 

18 Ht:LD Cor;.~TANT (ChibisofT) 

CQ"'" "IrMir.n 
Tim~ ofd«<lop-

m<nl(min.) 1 

~- =~=~== \'>,',",~•,llol 0.42 0.48 0 . .:.2 o.W 0.74 O.f•7 0.7r, o.or. 0. ~ 1 

f~\~~;•o]lhenol 8:~ 8:~ 8:~~ Ui i·:" f:~ Z:~ 8:% 81~ 8:~~ 8:~ 8:~.: 

It is seen that 1' is not independent of the concentration and 
that it is affected by the individual properties of the developing 
agents. Within limits, the action of some of the developing 
a-gents (adurol, pyrogallol, amidol) is similar to that found by 
Nietz and 'Vhitaker. By interpolation on the 1', t curves, the 
time of development necessary to obtain a given value of 1' for 
a given concentration is easily determined. To determine this 
time, it is convenient to plot the relat ion between the logarithm 
of the time and the concentration which gives a st andard 1'· 
This may be called the iso-1' line, and in F igure 114 are shown 
the iso-1' lines for the de velopers studied by Chibi soff. For 
different 1' values, the iso-1' lines are approximately parallel for 
a given developer. From these rer'mlts, the coefficient of dilution 
K . may be ealeulated, which gives the increase in the time of 
development for a given decrease of concentration of the de
veloping solution. This coefficient docs not depend to any great 
extent on the 1' but changes with t.hc dilution. The following 
table shows the K. values for the developers studied when the 
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concentration was halved, the values being bri.ven for two differ
ent in tervals: 

TABLE XXXIX 

COEIWICIEST OF DILUTION t'OH VARIOUS DEVELOPING AOENTR (C \1i b isoff) 

Dweloper 

Catechol 
Hydroquinonc 
Pymgallol 
Adurol 
p-Aminophenol 
Methyl-p-aminophenol 
GlyciJ!. 
Amidol 

Co<!{!icient K, 
lntaool of l n /ert'Ol of 

DilutiQfl. 1 : 2 DiluliQfl. 2 : 4 

1.43 1.69 
1.6.5 
1.56 2.26 
2.06 2.50 
1.26 1.70 
1.67 1.55 
1.61 1.81 
1.32 2.28 

A number of workers have studied the effect of changes in the 
composition of the developer. In the first place, the concen
tration of the developing agent itsel f may be considered with 
(1) a constant composition as regards the other components, 
or (2) a constant pH. 

In the earlier investigations, the first of these conditions was 
fulfi lled. In the more recent work, such as that of Reinders and 
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Fro. 114. l s(J.-'y li nes for various developing agents : (1) metol ; (2) ami
dol; (3 ) pyrogallol; (4) adurol; (5) paraminophenol; (6) catechol; (7) glycin; 
(8) hydroq uinone. 
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Beukers, 16 the effect of pH was controlled while the concentra
t ion of the developing agent was varied. In the earlier studies 
in which the amount of a lkal i in the solut ion was held const.ant, 
the effect of a variation of the concent ration of the developing 
agent was to produce a complex, irregular change in the velocity 
of development, as would be expected from the fact that this 
method of procedure involves not only a change of the develop
ing agent but a change in the pH. Thus, with hydroquinone, 

4r-----r-----r-----r-----r-----r----. 

F10. 115. Relation of the density to the time of development for t wo 
concentrations of developing agent at a pH of 9.70: I, 0.1 mol metol; II, 
0.033 mol metol ; Ill, 0.1 mol hydroquinone; I V, 0.033 mol hydroquinone. 

the observations of Sheppard and Mees were t hat the rate of 
development increased at first with the concentration of hyd ro
quinone, reached a maximum speed at a concentration of ap
proximately M /40, and then decreased, the concentration of 
alkali throughout th is experiment being 0.0485 N. 

These effects will be understood at once if the pH is con
sidered. Thus, Reinders and Beukers measured the effect of 
t he concentration of hydroquinone in a developer of which the 
pH was maintained at 9.88. From these authors is reproduced 
Figure 115, in which is shown the increase of density with time 
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of development for two concentrations of metol developer and 
two of hydroquinone, the pH of the developing solution being 
9.70 in a ll cases and the exposure, of course, being the same. 

In the case of hydroquinone, the kinetics of the reaction throw 
light upQn the nature of the development reaction. Thus, 
J ames,17 working with sulfite-free hydroquinone solutions, found 
t!mt the development rate varies fairly exactly with the square 
root of t he hydroquinonc concentration and with the firs t power 
of the hydroxyl-ion concentration. To interpret these results, 
it must be remembered that in the pH range employed (8.0-
8.9), hydroquinone exists in three forms : the un-ionized, the 
singly ionized, and the doubly ionized. An attempt to correlate 
the variation in concentration of t hese forms of hydroquinone 
with t he kinetics of development was successful only in the case 
of the divalent ion. The concentration of the latter varies as 
the first power of the hydroquinone concentration and the 
square of the hydroxyl-ion concentration. The square root of 
the divalent-ion concentration, therefore, varies-like the rate 
of development-as the square root of the hydroquinone con
centration and the first power of the hydroxyl-ion concentration. 

The fact that the reaction rate is related to the square root 
and not the first power of the divalent ion is good evidence that 
adsorption plays a.n important role in the reaction. Such a 
relationship is common in reactions which involve adsorption of 
at least one of the reactants ; and it arises from the fact that the 
amount of material adsorbed is given to a good approximation 
by the expression 

amount= ken, 

where cis the concentration in solution and n is a fraction which 
is not uncommonly 0.5. 

Such evidence as the above would, of course, not be pa rticu
larly important if t he kinetics could be explained logically on 
any other basis, but such is not t he case. The results may be 
accepted as a confirmation of the suggestion of Sheppard and 
l\1ees tha t the divalent ion is the active developing agent and 
that, in the absence of considerable quantities of silver halide 
solvent, the reaction occurs while t he ion is adsorbed to some
t.hing, probably the silver halide itself. Under normal working 
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conditions (pH from 9.0 to 11.0), the concentration of the di
valent ion in a hydroquinone solution is quite small, and in 
reality a very dilute developer is being used. 

Ka.n-Kagan 18 studied the effect of the concentration of metol 
holding the pH constant. In order to usc a very simple devcl

, oper and one which would not oxidize too rapidly, he employed 
a t->olut ion containing sodium sulfite, 0.12i N, and the amount of 
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1"10. 116. Helation of "Y to the concentration of metol for various 
time!! of development. 

sodium carbonate to obtaiu 11. pH equal to 10.6. The amount 
of suHit.e in this solution is sufllcient to diminish oxidation to a 
minimum. With the highest concentrations of mctol, it was 
necessary to use sodium hydroxide in addition to the carbonate 
to produce t he required pH. The buffering action of t he sulfi te 
and ca rbonate was sufficient to prevent a change of pH through 
a moderate range of dilution. A change in the concentration of 
metol in this developer produced considerable variations in the 
shape of t he characteristic curves, which corresponded to differ
ences in the rate of development. The effect of the changes in 
concentration of the developing agent, therefore, required a com-
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parison of the characteristic curves themselves as obtained with 
different times of development. From these curves, the 'Y's 
could be read, and in Figure 116 is shown the relation between 'Y 
and the concentration of metal with various times of develop_
ment. The drop of 'Y with continued development at _high 
concentrations is probably due to the production of fog, which 
is shown by the characteristic curves to have been considerable. 
It is probable that results of this type are valid only for the 
particular emulsions used, so t hat in work on the composition 
of the developer, it is necessary to specify the material employed 
and to repeat the work for any new material. The results given 
here must be considered only as summarizing the work on the 
subject done in the past and as indicating the lines along which 
experimental work should be performed. 

THE EFFECT OF ALKALI I='l" THE DEVELOPER 

In designing a formula for a developer, the determination of 
the pH of the solution is of primary importance. Not only must 
the alkali be adjusted to give the necessary pH, but the devel
oper will be unstable unless there is present a considerable 
amount of buffer to maintain the alkalinity at the required level. 
This buffering action may generally be obtained by the use of 
a suitable alkali. The organic developing agents vary widely 
in the amount of alkali required for the operation of a satis
factory developer. The following general conclusions are drawn 
by Chibisoff and may be considered useful: 

1. Most of the organic developing agents, especially the 
phenols, do not develop without alkali. Only the aromatic 
amino compounds with two or more amino groups show devel
oping power under these conditions. 

2. The rate of development increases with the alkalinity but 
this reaches a limit, after which no increase in alkali will increase 
the rate of development. 

3. The limiting amount of alkali depends somewhat on the 
nature of the material. 

The effect of alkali in the developer was studied in detail 
by Hurter and Driffield,6 Sheppard and .l\Iees,2 LumiCre and 
Seyewetz, 19 Meidinger,20 and She_pp'lrd and Anderson,21 but since 
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none of these investigators measured the pH of the solution, 
it was not until Reinders and Beukers 1 ~ and Faerman and 
Shishkina 22 published their papers on the subject that the effect 
of the pH and the importance of buffering on the composition 
of a developer were clearly understood. Their results were con
firmed in a later paper by BUrki and Ostwalt.23 

The primary function of the alkali in a developer, especially 
if the developing agent is a phenol, is to produce dissociation 
with the liberation of ions of the developing agent in the solution. 
For example, in the case of hydroquinone, the dissociat ion follows 
the equation: 

According to Ostwald's law of dilution: 

[C,H,O,- J[H+]' _ K· 
[C,H,O,] - ' 

that is, the concentration of the active anion is determined by 
the concentration of the hydrogen ions in the developing solu
tion. In acid solution, with a high concentration of If+ ions, 
the amount of c~H 40 2- anions is evidently small, and develop
ment does not take place; in alkaline solution, the rate of devel
opment depends upon the concentration of the C6H4Q2- anions; 
that is, on the pH of the solution. 

The pH of the developing solution can be measured by several 
methods, such as the use of a hydrogen electrode, a glass elec
trode, or by colorimetry, using indicators. For laboratory work, 
the glass electrode is both convenient and rapid, but, for prac
tical photography, indicators are satisfactory. Reinders and 
Bcukers came to the conclusion that, for accurate work, the use 
of indicators is not sufficiently sensitive and that electrometric 
determinations of pH are to be preferred. 

The amount of alkali needed for a definite pH depends on 
the nature of the developing substance and its concentration 
as well as that of the sodium sul fite . Table XL shows the 
amounts of different alkalis used in the developer to obtain pH 's 
of 9 and 10 according to the data of Faerman and Shishkina. 
It is seen that the molar concentration of carbonates and hy
droxides to obtain a pH of 9 is almost the same, while a con-
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siderably larger amount of carbonate than hydroxide is used to 
obtain a pH of 10. 

If, however, developers are made up with the va rious a lkalis, 
it will be found that there is some difference in behavior, notably 
that for the same pH and, especially, for the higher values of 
pH, the density obtained is greater with the carbonated than 
with the caustic a lkalis ; this must be ascribed to the buffering 
action of the alkali. Hydroxides do not have the buffering 
action shown by the salt s of weak acids, such as carbonates, 
borates, and phosphates, because these acids have a very low 

Alkali 

K.co, 

TABLE XI, 

CosCENTRATIO:>:S 01' VAJ\IO US AJ.KAJ.IS FOR GiVEN VALUE!! OF vH 

(Faerman and Shishkina) 

Grams of Grams of 
Alkali Md<" Alkali 

pll per Liter Cone. pl/ per Liter 

0.2 1.52 0.011 10.7 27.64 
Nu.CO, 9. 1 1.36 0.013 \0.6 21.20 
NaOH 0.1 0.33 0.008 10.6 0.63 
KOI-l !).I 0.67 0.012 10.8 1.36 

M olar 
Cm~e. 

0.20 
0.29 
0.016 
0.024 

degree of dissociation, and, consequently, in the presence of their 
anions, t he hydrogen-ion concentration is low. Since the reac
tion of development liberates hydrogen ions, the buffering action 
of the alkali is of great importance. A developer with little 
buffering action changes its a lkalinity during development, while 
one containing a buffer maintains its pH at a constant level. 

R einders and Beukers studied especially a hydroquinone de
veloper containing buffers such as borax, dibasic sodium phos
phate, and sod ium bicarbonate. In Fibrure 117 is seen the rela
tion between the density and the pH which they obtained for 
development times of 6 and 10 minutes. They concluded that 
t hese results were generally applicable and that both with hydro
quinone and most other developers, the particular buffer used 
was of small importance, and that t he velocity of development 
depended chiefly on the value of pH. An exception, however, 
is the use of borax with pyrocatechol and pyrogallol, with which 
it forms complexes. 

Developing agents naturally show differences in their response 
to differences in the value of pH. This is shown in Figure 118. 
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The aminophenols are not ·1ery sensiti ve to differences in the 
pH of the solution, even in the case of glycin, but the difference 
is particularly marked with developers such as pyrogallol and 
hydroquinone, both of which have very defini te and limited 
ranges of pH through which they are suitable for usc as de
velopers. Figures 119 A, B, and C show the curves of den
sity plotted against time of development for different values 
of pH in hydroquinone, metol, and p-aminophenol developers. 
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FIG. 117. Relation between density and pH ror development times or 
6 and 10 minutes: I , 0.1 mol disodium hydrogen phosphate buffer; II , 
0.1 mol borax buffer; III, 0.1 mol bicarbonate buffer. 

It is seen that the range of pH usable in the case of hydroquinone 
is very small a nd is very much greater in the case of p-amino
phenol, while metol fa lls between the two. In t he case of 
hydroquinonc only, t here is a very marked inductiOn period. 
Reinders and Beukers consider t hat for a practical developer, 
( I) the developing solution must be arra nged to have as great a 
buffering action as possible; (2) the sensitivity of the developer 
to a change of pH should be a.s small as possible. They also 
conclude that it is more convenient to use developing solutions 
with low pH values. 



FIG. 118. Relation between •lem;ity and pH for various rlcveloping n~cnts : 

I. 0.1 mol pyro~nllol 0.1 mol 11odium hicnrbormte 
II. 0.1 " hydroquinone 0.1 " " " 

III. 0.1 " metol 0.\ bornx 
I V. 0.033 " p-aminophenol 0.01> 
v. 0.1 glycin o.o.; 

VI. O.O.i " Jl-phenylenedinmine O.Q.j 
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FIG. 11 9A. D, t 1:urves for vnrious values of pH : 
I. pH - 9.0;i 

II. pH - 0.70 
,Il l. pH - 0.45 
I V. pH - 9.20 

Developer: 0.1 mol hydroquinone; O.OC> mol homx. 
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I . pH - 9.95 
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Developer: 0. 1 molmetol; 0.05 mol bortLx. 
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FIG. 119C. JJ, t curves for various values of pH: 
I. pH - 11.82 

I I. pH - 9.67 
111. pH - 8.73 

Developer: p-aminophenol·borax. 
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THE TEMPERATURE COEFFICIE NT OF DEVELOPME NT 

The velocity of development is greatly affected by the tem
perature. In practiee, it must be accurately controlled, and, 
from the theoretical standpoint, any consideration of the media
nism of development must take into aceou nt the temperature 
Coefficient. Sheppard a nd .Mecs 2~ point out that t he ratio of 
the velocities for a change in temperature of 10° C. is of value 
as a criterion in heterogeneous reactions. For chemical reac
t ions in homogeneous solu tion, the value of the temperature 
coefficient is generally about 2 to 3, while for diffusion processes 
a value of about 1.5 would be expected. They give the following 
table, from which it is seen that the temperature coefficient varies 

TABLE XU 
Tf:Ml'E II ATUII E CoEFFICIENTS o•· DEVEI.OPERS (Sheppard and i\fee;) 

Reducer Emulsion A c 
Fcri'(H)xalate LGO 1.90 1.70 
Ferrous Citrate !.52 
Ferrow; Fluoride 1.54 
Hydroxylamine 2.00 
Hydroquinunc 2.20 2.80 
p-Aminophenul 1.50 
Mctul 1.25 
C>ltcchul 2M 

very greatly with different developing agents and also varies with 
the type of materia l developed. ln any case, the values are 
higher than those which would be expected if the velocity were 
condi t ioned by diffusion. Sheppard and Mees conclude that a 
hig:h temperature coefficient in development does not necessarily 
imply that the veloci ty is that of the chemical reaction . 

A study of the effect of temperature upon the time of develop
ment required to produce a given 'Y was carried out by Ferguson 
a nd Howard. 2~ They suggest that if the velocity at, for ex
ample, 10° C. is represented by I.: , t he velocity at 11° C. may be 
expressed by kh. and at 10° + X 0 , by kb". If the temperature 
coefficient for 10° is K r and b is the temperature coefficient for 
a single degree, then K r = b10• This relation does not give a 
straig;ht line fo1· the time of development plotted against the 
temperature, but Stokes 26 pointed out that such a straight line 
would be obta ined if the logarithm of the time were plotted 
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against t he temperature. The validity of this conclusion was 
studied by Chibisoff and his associates. T hey determined the 
'Y, t curves for a number of different developers at th ree tem
pera tures- 100, 15°, and 25° C.-and from these constructed 
curves showing the relation bet\veen the logarithm of the time 
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Fro. 120. fso-')' lines (temperature plotted ngain~t log; t for various r\c
vclopcrs) : I, amidol; 2, mctol; 3, pyrogallol; 4, p-nminophenol; 5, catechol; 
6, hydroquinoue; 7, glycin . 

and the temperature for constant 1'· T hese are shown in Fig
ure 120. It ill seen that the relation between log t and the 
temperature ill not generall y linear for a wide mnge of tempera
tmes but that, to a first approximation for a runge of 5° to 10°, 
log t = K T + Y. In the practical application of the tempera
ture coefficient to the calculation of t he t ime of development a. t 
different temperatures, the question arises as to whether the 
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temperature coefficient is dependent upon the photographic ma
terial used. This was found to be a facL by Sheppard and Mees, 
a result confirmed in a note by Watkins t : published in 1910. 
Ferguson 26 found that the temperature coefficient varied with 
t he material. Thus, on a group of plates, he found temperature 
coefficients as low as 1.55 and as high as 2.01 for the standard 
pyro-soda developer which he used, but he also found that the 
addition of bromide to the developer increa~ed the temperature 
coefficient very noticeably in the case of those materials which 
had a low temperature coefficient in the absence of bromide. 
Thus, in the case of an Imperial Ordinary plate in the absence 
of bromide, the temperature coefficient was 1.71, whereas the 
addition of one part in one thousand of potassium bromide raised 
the temperature coefficient to 2.02. With this bromided devel
oper, Ferguson found practically no change in the temperature 
coefficient with different materials. The developer used had 
the following composition : 

Pym~allol 4 gms. 
Sodium Carbonate crystals 20 gms. 
Sod ium Sulfite crystals 20 gms. 
Potassium Hromide 10 gms. 
Waterto make lliter 

This developer was found to have a temperature coefficient of 
approximately 2.0 for all the materials tested. 

THE DEVELOI'l\'IEKT OF FOG 

When a developer acts upon an emulsion layer, some grains 
which have not been exposed to lip;ht are reduced to metallic 
silver. The density obtained in the unexposed portions of the 
image is known as fo(l. The production of fog may be a.scribed 
to the emulsion or to the developer; that is, some emulsions show 
much greater fog than others and some developers have a greater 
tendency than others to produce fog. 

In practical photography, fog is invariably regarded as a dis
advantage, and, as will be seen, the origins of fog a re complex. 
Fog arising primarily from t he emulsion may be due either to 
grains which have been exposed to light aeeidentally or, more 
often, to grains nucleated during the preparation of the material 
otherwise than by light. The developer itself, however, may 
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produce fog in grains which appea r to be normal, and the origin 
of this fog can be traced to certain definite chemical effects 
produced by the de veloper. 

Omitting any discussion on the development of grains which 
have been exposed to light, a phenomenon which does not differ 
from that of the normal image, silver bromide grains may be
come developable during the preparation of the emulsion. 1 t 
must be remembered that silver halide precipitated in the dark 
but in the a bsence of excess bromide and of gelatin is easily 
reduced by the developer to metallic silver. This reduction is 
greatly hindered by excess bromide and by gelatin, which protect 
the grain from reduction unless· a nucleus has been produced 
upon it (Chapter Ill). The nucleus may be produced in the 
same way as the sensitizing of the grains; that is, a developable 
nucleus may possibly be an exaggerated sensitivity speck, since 
it is well known that continued treatment with sulfur sensitizers 
of the type which produce enhanced sensitivity in the emulsion 
may eventually make the emulsion develop fog. 

It is possible also that grains become developable by other 
means than those which produce the normal sensitivity specks; 
if an emulsion is heated for a long time, it will cease to increase 
in sensitivity, but the fog produced in development will grow 
and eventually become very great. This production of fog is 
associated generally with an actual reduction of sensitivity. 
The loss of sensitivity may, of course, arise from the production 
of numerous sensitiv ity specks, the competition of which for the 
silver produced by exposure to light reduces the effective con
centration of the latent image, as suggested by Sheppard; on the 
other hand, developability upon long-continued digestion may 
be due to the production of reduced silver on the surface of the 
grain. Chibisoff and Mikhailova 28 found that very long times 
of digestion produce a decrease in the amount of fog compared 
with that produced by moderately long times, and they regard 
this decrease as comparable to the phenomenon of solarization. 
The shape of the curves showing the relation between the fog 
and the time of digestion is dependent upon the size of the grains 
but, apparently, does not vary with the gelatin used (Figure 121). 
The authors conclude definitely that the nuclei which induce fog 
upon development are identical with those produced by light. 
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Photographic material~ \vhich are initially free from fog de
velop fog when they are kept for a long time and, especia lly, 
when they are kept at a high tempemtm·e. T he tendency of an 
emulsion to develop fog either upon immediate development or 
after keeping is a very disadvantageous property, and methods 
for minimiziug it arc carefully studied by the emulsion maker. 

F1o.121. Curves showinJl; relation8 
hct wcen the fog am\ the t ime of d ige~
tion of the emulsion : I, fine-grain 
emulsions; 2, I:O:lrSQ-grain emulsions. 

Even materials which show a 
minimum of fog with nor
mal development develop fog 
in some circumstances, and 
there are developers which 
produce development of the 
unexposed gmins. 

The quantitative study of 
fog produced by develop
ment is very difficult owing 
to the complexity of the phe

nomenon. It is desirable to regard development fog as charac
teristically different from the density produeed in an exposed 
image and as produced possibly by a different mechanism. l n the 
·presence of a latent image, however, it is usually not possible to 
determine whether density has been produced as fog or as image. 
Furthermore, the amount of fog in a given area must decrease with 
increasing latent image, because some of the grains which might 
have developed as fog develop as image. Some distinction can 
be made be<:ause, as a general rule, fog cnn be diminished by 
ehemical additions to the developer, such as bromide and the 
.so-called antijogyanls, which to a much less degree affect the 
development of the l:tteut image. l'vloreover, t he tempera ture 
coefficient of the growth of fog and the covering power of the 
deposit are characteristics which distinguish fog from an image. 

In the same emulsion the optical density of fog docs not 
usually bear the same relation to the mas..<; of the silver as the 
image does. It is not unusual, especially when silver halide 
solvents are present in the developer, to obtain fog of extremely 
low covering power, often whitish in color and slightly brown 
by transmitted light. Such fog may occasionally represent half 
the developable sil ver of t he emulsion and yet not have a density 
higher than 0.2 by tl'ansmitted light 2$ (Chapter V, p. 231). 
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By studying the rate of growth of fog compared with that of 
the exposed image, N ietz came to the conclusion that the devel
opment of the image and of fog does not follow the same law, the 
velocity functions being different . In his experimen ts, the nor
mal development process for the image was found to be described 
by the velocity equation (III ) given on p. 432, while equation 
( II ) fit ted his measuremen ts of the growth of fog much better. 
Thus, he found that the velocity of development for the image was 

dD k 
dt ~ t (D. - D), 

and for fog it was 

'¥1- ~ k(D. - D). 

In these experimen ts, Nietz found that fogging proceeds to a 
definite limit, as the image docs, and he was able to calculate 
values for D..,, k, and lo for the production of fog. H e found that 
the value of D"' for fog depended very much upon the develop
ing agent and gave the following table for various developers: 

TABLI~ XLII 

CLASSI FICATION OF DEVEL()PEU$ ACCOitDI:'W TO M AXIMUM Foo (Nictz) 

(D..,) (D,.,) Ftifter 
Fog l ma(Jfl f!Orninute8 

p-Amino-mctacresol 2.60 4.00 2.51 
T oluhydroquiJJone 2.45 4.40 2.34 
Hydroquinonc 1.50 3.80 1.32 
Diurninophenol+ nlknl i 1.30 4.20 1.20 
Monomcthyl-p-aminophcnol 1.30 3.60 .90 
Pyrognllol 1.30 4.00 .88 
Mcthyl-p-nmino-orthocresol 1.20 4.00 1.03 
Dibromhydroquinono 1.00 3.M .76 
Dimcthyl-p-aminophenol .99 3.20 .70 
Dichlorhydroquinone .75 3.60 .49 
Dinminophcnol,noalkali .70 a.r.o .62 
p-Aminophcnol .70 4.20 .44 
p-Amino-orthocresol .65 3.80 .57 
Phcnylhydrnzinc, no alkali .G5 3.5() .IS 
Chlorhydroquinone .60 4.00 .55 
Bromhydroquinonc .60 3.80 .55 
F erro-oxalate .43 3.10 .38 
Cut-echo! .40 3.60 .38 
Edinol .30 3.60 .27 
Durntol fog negligible 2 .40 .0.'". 
p-Phcnylenedinmine, no alkali fog negligible 1.70 .05 
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If this table is compared with Nietz' figures for the bromide 
potential of the developing agents, it will be seen that there is 
no relation between fogging power and the bromide potentiaL 

The quantitative statement of the fogging power of a de
veloper involves much difficulty. In their early work on the 
subject, Mees and Piper 3G found that fog increases at an ap
proximately uniform rate and defined the fogging power of the 
developer as the density of the fog after 10 minutes' develop
ment. At the same time, they determined the velocity constant 
of development for the image as the constant k measured in the 
usual way. They then expressed the relative fogging power ¢ 

as equal to f · 
As has already been stated, Nietz found that fog does not in

crease linearly with time but followsanexponent.ialla wof the same 
general type as that applying to the image, but, neverthelesfl he 
found it convenient to state the fog in terms of that produced after 
20 minutes of development; that is, he classified developers pri
marily in terms of the maximum fog density they would produce. 

Shibcrstoff and Bukin JOb express the fogging action of devel-

opers as ~ = 5 and give the fo llowing table for the values of 0 

for a number of different developing agents at several tempera
tures. The developing formula used was: 

Developing agent M /20 
Sodium Carbonate, anhydrous 25 gTM. 
Sodium Sulfite, crystallized 50 gms. 
WatcrW l lit.er 

TABLE XLIII 
TnF. FOOCliNU PoWER (INITIAL VALUE OF dF(dt) FOTt VAIUOUS DEVEUJPF.TtS 

(ShibersWITnnd llukin) 

Dc~·clopers ~at15° C. ~ ut 20" C. ~at 20°C. 
p-Phenylcnediamine 0.00 0.12 
Glycin 0.07 0.14 0.28 
p-Aminophcnol 0.09 0.14 0.36 
Cat~chol 0.09 0.16 0.32 
Bromhydroquinone 0.25 0.41 0.80 
Eikonog~u 0.36 0.72 1.13 
Chlorhydroquinonc 0.38 0 . .58 1.11 
l\Ictol 0.38 0.63 \,]4 

Pyrogallol 0.40 063 l.l2 
Hydroquinone 0.41 0.86 1.22 
McWquinone 0.50 0.93 1.52 
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This table suggests that t he developers may be divided into two 
groups, according to their fogging action: a group of developers 
having low fogging action , including p-phenylenediamine, g-ly
ein, and p-aminop henol , and a group having high fogging action, 
which in the table begins with eikonogen. 

Inasmuch as developers are used in practice to produce an 
image in the exposed material , the signifieant factor is t he ratio 
of the rate of production of fog to that of the image. Shiberstoff 
assumed that he could write 

for t he ra.te of development of t he image and 

k, 
V, ~ t(D1 ~ 0.3) 

for the production of fog a nd expressed the degree of selective 
action of t he developer on the image in preference to fog as 

Using this fo rmula, he gives the following table for t he selec
t ivity of developers at three differen t temperatures, the compo
sition of the solution being that given on p. 430, /( being given 

TABLE X LIV 

Tu.E 8EL.ECTIVI1"{ OF A CTIO:-\ FQR V.I. KIOUS DEVELOI'EfiS (Shiberstofl') 

Det'l'loper Uatf/)° C. U ai20°C. U at z,;oc. 

7>-Arniw>phcnol 500 '""' 2i)() 
Cntcdml 267 227 191 
Glyein 259 210 150 
Me to\ 240 ISO 200 
1\Ic t.oquinonc 182 172 136 
l'yro!'(allol 200 136 100 
Hrornhydro{JUi nonc !59 131 95 
Chlorhydroquinonc 1!16 123 106 
Eikonogcn li.O 113 106 
H ydroquimonc 93 7il "" 

the value 100 and the optical density of the image measured 
for a fixed exposu re. It i>l seen that the selectivity dccrea~es 

with an increase of temperature because the rate of growth of 
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fog increases more rapidly with temperature than that of the 
image. This supports Nietz' view that the meehauisms of de
velopment for the exposed image and for the production of fog 
are differen t. 

The fogging power of developers discussed up to this point is \ 
what may be termed the normal fogging power- that due either 
to nucleation of the grains of the emulsion or to the acLion of 
the developer in breaking down the resistance to reduction of 
the silver bromide grain- but fog can be produced in other 
ways during development. A number of substances will produce 
severe fog if added to a developer. Many of these contain 
sulfur. Thus, thiocarbamide is an extremely powerful fogging 
agent in a developer, so powerful, in fact, that positive images 
can be produced from an exposed film in a developer containing 
thiocarbamide. This was discovered by 'Vaterhouse,31 and the 
mechanism of the reversal has been studied by Rawling.32 There 
i.o; little doubt that the cause of the reversal is the great sensi
tivi ty to the presence of free bromide ions shown by the nuclea
t ion by thiocarbamide. When the exposed material is first 
immersed in the developer, the more heavily exposed portions 
develop to produce a faint image and, at the same time, produce 
in situ free bromide ions. Meanwhile, the thiocarbamide reacts 
with the si lver bromide, forming a complex addition product. 
Wi th dilute thiocarbamide solutions, t he complex formed is in
soluble and remains on the surface of the silver bromide. In 
the presence of the alkali of the developer, the thiocarbamide 
complex decomposes and forms silver sulfide nuclei on the grains, 
which makes them developable, so t hat they develop very rapidly 
indeed. 

Inasmuch as the decomposition of the thiocarbamide complex 
is hindered by the presence of small quantities of soluble bro
mide, the bromide ions formed by the initial development of the 
latent image prevent the nucleation of grains in the region where 
the initial development occurred. Thus, a positive is obtained 
in the highlights in which t_here is presen t a faint image owing 
to the init ial development of the original exposure. 

It is notable that the silver deposited in thiocarbamide devel
opment is often colored, its structure in that case appearing quite 
different from that of the image. However, Rawling mentions 
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specifically that if small amounts of thiocarbamide were used, 
he found the image to be of the ordinary black type and to 
consist of developed grains. 

:Mees and Piper found Umt a similar phenomenon was pro
duced in a hydroquinone developer by very lo\V concentrations 
of sulfite. In one set of experiments, the maximum fogging 
power was produced at a concentration of .i\.1/ lGO (cf. Figure 122 
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Fw. 122, Hebtion lwtwecn the fogging power a.nd tl1e concentration of 
sulfite in a l1ydroquinonc developer. 

in which the fog, F, and the relative fogging power, ¢, are 
plotted). Under the proper conditions, they were able with this 
developer to produce results parallel to those obtained with thio
carbamide. It seems possible that such low concentrations of 
sulfite may result in the production of some su lfide. 

Fogging in development can be produced not only by sulfur 
compounds, which cause nucleation of the silver bromide, but 
by the aerial oxidation of the developer. This is particuhrly 
true in the case of hydroquinone. In a hydroquinone developer 
containing no sulfi te, very bad fogging will be observed at the 
surface of the solution if a piece of unexposed film is int roduced 
so that it is not completely immersed. The surface layer will 
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fog t he emulsion very strongly, and streaks of fog will run down 
onto the surface of the film immersed in the developer. 

T his oxida t ion fog presents serious problems, and the practical 
aspects of the matter were studied in detail by Dundon and 
Crabtree.33 Oxidation f og, or aerial fog, as it is sometimes called, 
i~ greatly increased in the presence of copper. On the ot her 
hand, the desensitizing dyes such as pinakryptol green or pheno
safranine in very dilute solution prevent aerial fog. Two parts 
per million in the developer are sufficient in most <:ascs to remove 
t he fog unless it is very severe owing to t he presence of consider
able quantit ies of copper. 

T he origin of oxidation fog is very obscure, but work on the 
autoxida t ion of developers by J ames and Weissberger 3'1 shows 
that , in the case of duro-hydroquinone, hydrogen peroxide can 
be isolated as a product of aerial oxidation, and, with hydro
quinone itself, hydrogen peroxide is formed and at once reacts 
with the quinone. Since very small amounts of peroxide can 
make silver bromide completely developable, it may be con
cluded that oxidation fog is due to the production of hydrogen 
p~roxide . 

.An alternat ive hypothesis for aerial fog is that due to Fuchs,3~ 

according to which it is assumed that oxidat ion of the developing 
agent by the air gives rise to chemiluminescence, which fogs by 
light act ion. F uchs attempted to explain by t he same mecha
nism many other kinds of chemical fog, such as those due to 
acids aud oxidizing agents. It appea rs unlikely tha t his t heory 
holds for any of them. The chief support of the view comes 
from the fact that all such types of fog may be prevented by 
the proper use of desensit izers. 

Still another type of fog demands notice although with modern 
methods of handling and materials it is not as preva lent as 
formerly. This is known as dichroicfo(} because it is a different 
color by transmitted than by reflected light . It consists almost 
entirely of metallic silver deposited in the gelat in by the action of 
the developer on silver halides which have been dissolved from 
the emulsion by silver h:.t.lide solvents in the developing bath. 
Any change in a developer formula which tends to increase its 
ha lide solvent properties without lessening its ability to reduce 
silver ha lide increases the tendency to deposit colloidal silver. 
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D ichroic fog is frequently so confined to the surface that it 
may be wiped ofT before the film is dried. After drying, it can 
usually be removed by a brief rinse in a permanganal-e b!llh 
followed by bisulfite treatment and thorough washing. The 
causes and prevention of dichroic fog are discussed extensively 
by LumiCre and Seyewctz.36 

ANTIFOGGANTS 

To satisfy the requirement for high-quality results even under 
a.d\'Crse condit.ions, as when expo·sures are at a minimum and 
development is prolonged, chemical addition agents, known as 
antifogganlli, are employed to restrain the production of fog. 
They may be added to the developer or the emulsion. 

Soluble bromide is one of the most common antifogging com
pounds. l ts usc in developers dates from the earliest days of 
photographyY It is frequently assumed to act through the 
mass action law and decrease development by :tcceleration of 
the opposing formation of silver bromide, thus retarding the 
reduction reaction brought about by the developing agent. For 
the kinetics of t he development of a latent image, this action 
has alread y been discussed in. an earlier part of this chapter. 
l t is shown that there is some evidence that the action of bro
mides is also associated with the surface adsorption equilibrium 
at the grain surface. These apparent adsorption effects seem 
even more pronounced in the case of fog, the appearance of 
which is frequently so postponed by bromides that development 
of the latent image reaches the desired stage before fog is visible. 
The shape of the chanH:teristic curve for such n. case. is nstllllly 
different from tlmt to be expected if the bromide had no· efTect 
on the la.tent-image development. 

Sheppard and Hudson 38 in 1927 first reported that thioanilides 
restrain the production of fog. The thioanilidcs have the struc
ture R ·CS ·NH·Ph or, according to Sheppard, more probably, 
R· C(SH ) : NPh. They form addition agent-s with silver hal
ides, as do t he thiocarbamides, but the complex formation ap
pea.rs to take place through the nitrogen atom and not through 
the sulfur atom. The complexes arc stable in alkali solution, 
and, consequently, the thioanilides do not ad as sulfur sensi
tizers but as restrainers of development and fog inhibitors. 
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Trivelli and Jensen,39 after noting the action of the thioanilides, 
investigated the effects of compounds previously patented as 
antifoggants in emulsions.40 They chose 6-nitrobenzimidazolc 
as the most interesting of the series and showed that in a con
centration of one part in 25,000, this compound, compared with 
n concentration of potassium bromide giving the same fog re
stra int, causes considerably less loss of image density. It is, 
accordingly, a better restrainer for fog and gives a greater ratio 
of image to fog density than bromide. Benzotria.zole and 
5-nitroindazole are very similar in behavior to nitrobenzimida
zole and can be used in the same way. 

A large number of organic compounds act as antifog-gants if 
added to emulsions and are classified in the patent literature as 
"antifoggants," "fog inhibitors," and "stabilizers." They in
clude alicyclic amines, pyrazoles, pyrimidines, among others. 
That most effective in a given emulsion must be found by trial. 

The explanation given by Sheppard for the action of the thio
anilides may probably be extended to cover the action of all 
these compounds. Sheppard finds that they form complexes 
with 8ilver bromide, and he believes that their effect in pre
venting fogging and restraining development can be explained 
by the view that the complex silver compound is first formed at 
the interface between the sensitizing specks of silver sulfide and 
the si lver bromide. The silver halide in the immediate neighbor
hood of sensitizing nuclei must be regarded as especially reactive 
since it is assumed that the reduction to si lver tends to com
mence at the interfaces. Following the same argument, the 
silver halide close to the nuclei and, especially, to large nuclei 
such as are assumed to produce fog would be still more reactive, 
and compounds from bodies such as the thioanilides would pro
duce at this point a layer of irreducible silver compound wh ich 
would tend to insulate the nuclei and prevent development. In 
confirmation of this, Sheppard found that for an emulsion over
sensitized with allyl thiocarbamide, to the point where it tended 
to produce fog, treatment with thioacetanilide diminished the 
fog and then reduced sen!'litivity as the treatment was increased. 
The action of such a ntisensit izing and antifogging agents is, 
therefore, probably not altogether different from that of soluble 
bromides, since it may be supposed that these tend to be prefer-
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en t.ially absorbed to the silver halide in the neighborhood of the 
fogging and sensitizing nuclei. 

T HE PRODUCTION OF GRAI NINESS IN DEVELOPl\'fENT 

It is necessary to distinguish between the size of the part icles 
of silver of which t he image is composed and t he graininess, or 
nonuniformity of dist ribution, of these grains. I n very few 
processes do the individual grains play an important part, but, 
if a photographic image is modemtely magnified, t he lack of 
uniformity of the deposit will become objectionable unless special 
preventive methods are used. 

T he measurement and specification of graininess are discussed 
in Chapter XXI, which deals with the physics of the image. 
Only the various means employed to diminish graininess in de
velopment a re considered here. 

Four general methods of producing fine grain arc dist inguish
able : 

1. Development to low 'Y· 
2. D evelopment in solutions of low or moderate act ivity con

taining silver ha lide solvents. 
· 3. D evelopment with p-phcnylencdiamine or its derivat ives. 

4. P hysical development. 

I. The uniformity of the deposit appears to be improved by 
the dilut ion of the developer. For the most part, however, this 
is only an apparent improvement and arises from the fact that 
development is not usually carried as far as by t he stronger 
baths. If an emulsion carrying a latent image is placed in a 
developer, the reaction starts at discrete points on t he grains. 
All development centers do not react a t the same time, but, in 
general, as the reaction proceeds, the size of each increases. 
After a short time in a powerful developer, many of these centers 
coa lesce, and complete reduction is effected for a considerable 
proportion of exposed grains. T his necessarily decreases the 
number of discrete particles of silver composing an image. 
While there is no known direct correla tion between the size and 
number of grains and the graininess of the deposit , the hetero
geneity due to the chance distribution of a greater number of 
smaller grains is evidently lower than tha t of a smaller number 
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of larger grains; in other words, a large number of small grains 
distributed at random have less interspaeing than larger ones 
fewer in number. Accordingly, development terminated at an 
early stage results in less graininess than development carried 
nearly to completion. Crabtree and Schwingel's u curves show 
t hat the degree of development has more influence on the graini
ness of negative than positive materials, and it is now standard 
practice to develop motion-picture negatives to lower 1' than the 
positive, both for the original and duplicates. The fact that 
many workers have not realized that graininess varies according 
to the extent of development has created a copious contro\rersia l 
literature on graininess. 

2. With the exception of agents of the p-phenylenediamine 
series and possibly o-aminophenol, the differences in graininess 
produced by various developing agents are rather small if devel
opment is carried out to equal ,'s. This is not t rue, however, 
if sil ver halide solvents are added to t he developer, but these 
usuall y cause a loss of emulsion speed. 

Typical sil ver halide solvents include sodium sulfite,42 ammo
nium chloride 43 and organic amil1es, sodium th iosulfate,4~ and 
thiocyanates.4~ Possibly the most typical developer formula 
containing silver halide solvents is Kodak DK-20,4~ a metol 
formula containing two si lver halide solvents- sodium (or potas
sium) thiocyanate and the less active sodium sulfite. Devel
opers containing large quantities of sodium sulfite as the only 
solvent are very popular but give only a slight reduction in 
graininess. T o be effective, silver halide solvents must be used 
in developers of low activity. Ltippo-Cramer 46 found that silver 
halide solvents retard normal .chemical development and accel
erate physical development and so produce fine-grained images. 
He points out that the restraint of chemical deve lopment is 
brought about by the action of the solvent on the latent image, 
wh ile physica l development is accelerated by the increased avail
ability of soluble silver halide complexes. 

3 The outstanding development agent which, by itself, gives 
fine-gra ined images is p-phenylenediamine, as pointed out origi
nally by LumiCre and SeyewetzY The exact reason fo r its 
action is not known, but it is simi lar in many respects to t hat of 
solu tions containing the more active silver halide solvents. I t 
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has a strong solvent action for the halide (LumiCre and Seye
wetz 43), is adsorbed to the grains, and is strongly physical in 
its development action. It must be used in developers of even 
lower activity than arc required with sil ver halide solvents, 
although certain of its deri vatives may be used in developers 
of moderate activity. Unfortunately, p-phenylenediamine and 
nearly all of its derivatives tend to produce severe dermatitis 
with prolonged use. 

In a microscopical study of the development of silver halide 
emulsion in its relation to graininess (Chapter XXI , p. 834), 
Loveland* sough t to avoid the errors which arise from observa
tions on single-layer microscopical preparations interpreted in 
terms of an emulsion layer of normal thickness. He examined 
both single-layer and multi-layer preparations which had re
ceived controlled exposures and development a nd in this way 
studied many different combinations of emulsion and developer 
under the conditions used in practice. 

Loveland's results show that pure silver bromide crystals do 
not change in shape if developed to metallic sil ver in a hydro
quinone developer of very low sulfite action and, therefore, with
out solvent action (single-layer and multilayer coatings behaved 
similarly) . He considers this typical of chemical development 
and concludes that, in crystals in the form of thin triangular or 
hexagonal plates, development starts at one or more points on 
an acute edge, which is quickly converted to metallic silver. 
Obtuse edges are the next to be attacked, after which the devel
opment spreads inward. If a pure sil ver bromide emulsion was 
developed in a hydroquinone developer having the normal con
centration of 75 grams of sodium sulfite per liter, the non
developed grains were partly dissolved by the sulfite from the 
single-layer coatings but not from the multilayer ones. In ad
dition, the developed grains were no longer exact pseudomorphs 
of the original sil ver bromide crysta ls but had somewhat ragged 
edges. If the same pure silver bromide emulsion was developed 
in a metol-hydroquinone developer of normal su lfi te concentra
t ion, an even greater change in shape was obtained; oblong 
projections appeared on the developed grains, and there was 
some increase in graininess of the developed image. 

• R. P. LQveland, private OQffi!PUnication. 
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Emulsions containing silver iodide with the silver bromide 
behaved differently from those of pure silver bromide; for ex
ample, a low-iodide emulsion developed in hydroquinone showed 
as much graininess as the pure bromide in metol-hydroquinone. 
The grains of the low-iodide emulsion were more distorted than 

FIG. 123. Silver grains from a pure b romide emulsion developed (a) in 
a fine-grain developer containing thiocyanate; (b) in a hydroquinone de
veloper. X2500. 
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the pure bromide ones: triangular crystals distorted on two sides 
only. The grains of high-iodide emulsions, even if developed in 
a low-sulfite hydroquinone developer, grew many project ions, 
which caused development to spread to contiguous grains. This 
gave rise to a clumping effect in the silver image. With high
sulfite hydroquinone, the solvent nct ion was irregular, as if the 
si lver iodide were irregula rly distributed throughout the indi
vidual nystals. , 
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Fm. 124. Silver grains from a high-iodide emulsion developed in a solution 

contuining thiocyanate. X2500. 

Loveland also studied the effect of adding silver halide solvents 
to the developer. With Koda k DK-20 developer containing 
thiocyanate, the solvent action was very marked on grains which 
did not develop. It was excessive with pure bromide emulsions, 
and many long streaks of silver were formed with both single
layer and mult ilayer coatings. In the preliminary phase of 
development, some grains were completely reduced, and the rest 
went into solution. The subsequent and main part of the devel
opment was by deposit ion of silver on the silver grains produced 
in the fi rst phase. F igures 123a and 123b arc a comparison of 
multil ayer preparations of a pure bromide emulsion developed 
to equa l contrast in a thiocyanate fine-gra in developer and hy
droquinone developer, respectively; neither was fixed except by 
the solvent action of the developer itself. It is seen that the 
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thiocyanate developer increased the size of the grain of the pure 
sil ver bromide emulsion, and instead of exceptionally small grains 
being produced, they are actually larger than those produced by 
an ordinary hydroquinone developer. Loveland considers that 
this is because the development of the pure silver bromide starts 
without an appreciable induction period, so that by the time the 
solvent action of the developer becomes pronounced, there are 
plenty of si lver grains ·on which the silver can be deposited. 
With a high-iodide emulsion, a thiocyanate developer does give 
a fine gra in, because the r"etarded development provides an 
induction period so that the dissolved si lver halide has time to 
di ffuse even into the bulk of the developer before the silver is 
deposited. The action of a thiocyanate fine-grain developer 
upon such an emulsion was almost entirely physical in character ; 
development started from one or more centers on each grain and 
formed protuberances (Figure 124) . 'Vith heavy exposures, de
velopment centers occurred equally on large and small crystals
perhaps even more frequently on the small crystals. 

With developers containing p-phenylcnediamine, longer expo
sure increased the num ber and decreased the size of developed 
silver particles. The top layer of the multilayer high-iodide 
plates after development contained a great many very small 
particles of sil ver, showing that the silver ions traveled some 
distance before reduction to silver. 

Loveland's work emphasizes the influence of the relative in
duction periods and rates of solut ion and reduction of the silver 
halide on the physical appearance and graininess of the devel
oped image. 

4. T rue physical development of the post-fixation type appar
ently produces very low graininess at the expense of a large loss 
of emulsion speed. In spi te of strong claims for pre-fixation 
physical development ,48 there is some doubt from comparisons 
at equal -y's whethe r on commercial materials this system pro
duces a ny real reduction in graininess. 
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CHAPTER XII 

THE FREE ENERGY AND OXIDATION-REDUCTION 
POTENTIALS OF DEVELOPERS 

The electrons which take part in the fundamental react ion of 
. photographic development, 

e+Ag+ __,.Ag, 

are provided by t he developing agent, e.g., 

(I) 

Fe++ - Fe+++ + e, and (2) 

Ho-<:::::)--DH ~ o-Q=o + 21·!+ + 2e. (3) 

It has been pointed out in the preceding chapters that the dis
crimination between exposed and unexposed silver halide grains 
is the result of differences in reaction rates. Therefore, t he 
latent image and the reduced silver play the role of initiators or 
catalysts for t he process 

reduced state + Ag+ ___,. Ag + oxidized state. (4) 

The free energy change, i .e., the faculty of doing work, of the 
reduction of exposed and of unexposed grains by one and the 
same reducing solut ion can be treated as if it were identical, 
because any difference could not exceed the energy supplied by 
the exposure. (I t might be argued, but it does not appear 
likely, t hat this minute difference is important for the initiation 
of development, e.g., by a differentiation in t he heat of adsorp
tion of developer onto exposed and u nexposed grains.) On t he 
other hand, the free energy change of the process (4) varies with 
the reducing solutions. No general statement can be made as 
to how t his variation influences the capacity of reducing solut ions 
to act as developers. A theory which might link the thermo
dynamic properties of chemical substances and the kinetics of 
their reactions is still in its very early stages and does not warrant 
predictions concerning t he complicated systems under considera
t ion. The free energy change of the processes exemplified by 
equations (2) and (3) plus (1) must be negat ive for (4) to take 

470 
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place at alL However, this represents a genera l condition for 
the reduction of sil ver ion to silver and is not specific for photo
graphic development. Many investigations have been made to 
determine whether the free energies of the processes exemplified 
by equations (2) and (3) indicate in a more specific way whether 
t he reducing solut ions in question are developers and what t heir 
photographic properties are . The present chapter discusses 
these and related investigations. 

The free energies of systems which are thermodynamically 
reversible (see below) can be determined by measurements of 
electrochemical potentials, i.e., of redox potentials, in the special 
case of oxidation-reduction processes. An example is the fen·ous
ferric system (2). In other cases, the oxidized or reduced form 
undergoes further reactions, e.g., in the hydroquinone-quinone 
system (3), where t he quinone is unstable at a high pH. Here, 
allowance must be made for t he ensuing deterioration of the 
system; for example, by extrapolation to zero time (see below) . 
Then the potentials of these quasi-reversible systems are again a 
measure of t he free energies of the redox processes proper. 

The redox potential E is the potential between an inert elec
trode and the solution of a reducing or oxidizing compound in 
which the electrode is immersed. The reduced form of t he 
compound offers electrons, while t he oxidi zed form is ready to 
accept them. Thus, the electrode is exposed to a certain " pres
sure" of electrons, which depends on the relative concentrations 
of reduced and oxidized forms and on their chemical natures. 
It has been mentioned before that, for a thermodynamically 
reversible or quasi-reversible system, E is a measure of the free 
energy change, tJ.F. E and tJ.fl are related by the equation 
-tlF = Enf, where n is the number of electrons involved in 
t he reaction and /, one faraday. The redox potentia l for re
versible or quasi-reversible systems is given in equation (5), 
which is derived from t hermodynamic considerations of the free 
energy of reversible systems. 

RT (Ox) * 
E ~ Eo + nf In (Red) · (5) 

• Accordinp: to thia equation. 11 ~YBU!m with 11 higher !JOIR.ntia.l oiidizCII a. ~y~Wm with 
a lower poWntia\. The convention 110 e~~tahlished has been followed throughout thi8 
chapt.crbcc&ui!Citillu&Cdinallthelitcraturedeo.lingwithphotogr&phicdc'·clopingagent& 
nnddovcloper!l. 
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, Eo is t he standard redox potent ial, a constant characteristic 
of the system; R is the gas constant; T, the absolute tempera· 
ture ; nand f were explained above. The numerica l va lue for 
RT . . . . . T a~ 20° C. 1s 0.0581 1f decadw loganthms arc mtroduced. 

The pa rentheses indicate the concentrat ions• of the oxidized 
and the reduced forms. If these concentrations a rc equal, i .e., 
if t he system contains 50 per cent of the oxidized and 50 per cent 
of the reduced state, the value of the second term of equat ion (5) 
becomes zero, and E is equal to the standard potent ial Eo, which 
is clmracteristic for the system. Equation (5) shows further 
that the more the system deviates from the 1 : 1 ratio, the more 
sensit ive it becomes to changes in the concent rat ion of the less 
concentrated compound. Potent ia ls of reducing or oxidizing 
agentR cannot be reproducible unless the alternate state is prescut 
in a definite concent ration. A system the potential of which is 
not very sensit ive to changes in t he concentrations of the com
ponents is ca lled well poised,t or said to have a good buffering 
capacity, while t he very sensitive systems are called unpoised. 

If Ox/ Red is varied and E plotted against In Ox/ Red, a 
straight line results, t he slope (s) of which gives t he va lue of 
R T h 0.0581 20o C 
nf; ence,n = - 8- at . 

To measure the potential, a suitable chain is set up by com
bina tion with a standard. In appropriate combinat ions, the 
potential between A and B is t he sum of the potentials A/ liquid 
and B/ liquid. As a standard reference electrode, the normal 

Elect rode A 

o''''''"•·J reducing 
syst em 
under 
inve:;ligtttion 

M c11.11uring l ns trunwnt 

Electrolytic 
connection 'T""''" 

S tandard 

hydrogen electrode is usually chosen, while the actual measure
ment is made with a more convenient standard, e.g. , the calomel 

• Slrieliy. thermodynAmic ~~.etivitic~ insteAd of oonecnt rntione ehould b(l u.IIOd, but for 
thellreeentiiiiTIIOIKlthisoorroctionmnybedisregardcd.l 

t T hi1 term wa.e introduct.-d by W. M . Clurk.t 
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half-cell. Unless otherwise stated, the potentials given in this 
chapter refer to the normal hydrogen electrode. If the above
mentioned chain is allowed to do work, i.e., to furnish a current, 
the reduced state goes over into the oxidized state, or vice versa. 
A system is thermodynamica lly reversible if, for infinitely small 
changes, the same amount of current, when it is passed through 
the chain in t he opposite direction, reverses the chemical change 
quantitatively. Hence, all thermodynamically reversible sys
_tems are chemically reversible, but not all chemically reversible 
systems are thermodynamically reversible. 

A very convenient method for varying Ox/Red in a system 
where the oxidized form of a substance cannot easily be deter
mined has been worked out by Clark.3 An oxidizing agent is 
added to a solution which contains the reduced form of a sub
stance in a known concentration. This oxidizing agent is so 
chosen that in equilibrium it is almost completely reduced, so 
that the added amount of oxidizing agent is equivalent to 
the oxidized amount of the original substance; in this way, 
the concentrations of the oxidized and reduced form in the 
solution are known, and a determination of E gives the value 
for E 0• 

A::; mentioned before, in the study of unstable solutions, care 
must be taken of the deterioration of the systems. A common 
cause for this dete rioration in investigations of developing agents 
is the aerial oxidation of the reduced and, sometimes also, of the 
oxidized forms. To avoid this, the solut ions should be kept in 
an atmosphere free from oxygen. However, other types of 
deterioration are independent of the presence of atmospheric 
oxygen; for example, disproportionations of the oxidized forms, 
condensations, and so forth. To avoid these changes, Clark, 
Cohen, and Gibbs 4 determined the potentials as quickly as 
possible and checked, by repetition of the measurements, that 
no considerable drift had occurred before the first observation 
was completed. Fieser 5 employed the method of discontinuous 
titration for the same purpose. To a solution of the reductant 
was added an amount of oxidizing agent estimated to produce 
a certain amount of the oxidant and, thus, to fix, at least momen
tarily, the ratio of oxidant to reductant. The potential of the 
solution was observed and followed in time, and the original 



47 4 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

potential was then found by extrapolation of the time-potential 
curve to zero time. In further experiments, the same quantity 
of reductant was treated with varying amounts of oxidizing 
agent, so that when all of the experiments were grouped to
gether, a composite titration curve could be constructed, and 
from it the standard redox potential and other constants could 
be calculated. 

Another method was devised by Hartridge and Roughton: 6 

A solution of the reducing substance under investigation and a 
solution of the oxidizing agent flow through a mixing chamber 
and then th rough a tube which at certain intervals is provided 
with electrodes. If the mixing rate is high in comparison with 
t he oxidation rate, the potentials along the tube change accord
ing to the rate at which the oxidation takes place. With a 
stable system, for instance, Fe+++, Fe++, the potentials meas
ured along the tube approach certain constant values. How
ever, with a deteriorating system, the change in potential due 
to t he deterioration is superimposed on the change caused by 
the oxidation process. An analysis of the time-potential curve 
gives the rates of the two processes and accounts for t he effect 
.of the deterioration of the system on the potential. 

Redox potentials have been measured not only on reversible 
systems but also on irreversible systems and on systems under
going uncontrolled changes. These potentials cannot be con
sidered to be measures of the free energies of the systems. 
However, experiments have shown that these potentials can be 
correlated with some of the photographic properties of the solu
tions and they are therefore of interest. It may be pointed out 
here that the correlation of electrochemical potentials to other, 
e.g., photographic, properties of the systems is always permissible 
if the values arc determined with due care in a reproducible 
manner. The establishmen t of these correlations may have 
some value for practica l purposes , even if the data are not under
stood theoretically. On the other hand, data of obscure theo
retical significance should not be interpreted by means of theories 
and formulas not applicable to them. 

Early measurements of the redox potent ials of a series of 
common reducing and oxidizing agents were made at W. Ost· 
wald's suggestion by Bancroft. 7 However, these measurements 
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were deficient in that the concentrations of the compounds in 
the opposite redox states remained undefined. 

For such systems as ferrous-ferric ions, the expression for the 
electrode potential is given by the equation 

RT Fe+++ 
E = E0Fc+++, Fe++ +TIn Fe++ · (7) 

Theoretically pure ferric chloride should show a potential of 
+ oo ; theoretically pure ferrous chloride, a potential of - oo. 
All practically possible compounds contain, of course, at least 
traces of the opposite form , and the potentials have finite values. 

TABLE XLV 

REVOX POTENTIAL IN A SoLtrriON or lQ CM1 0.25 MOL FeS(), + 10 CM1 0.25 MOL 
Fc(SO,k. WITH X CMI 1.0 MOL Na SALT OF 0JtOANIC Acm 

a.CilricaciJ b. Malmticadd c. Oxalic add d. 1'artaricadd e. Lactic acid 

E X E E ; E E 
0.638 0 0.638 0.641 0.639 0.641 
0.615 I 0.625 0.627 I 0.618 0633 
0.584 2 0.605 0.603 2 0.500 0.624 
0.51 1 3 0 .581 0.573 3 0.545 0.6 15 

3.5 0.415 4 0.548 0.53 1 4 0.483 0001 
4.0 0.2!<8 5 0.501 0.478 5 0.425 5 0.590 
4.5 o.21r) 6 0 .441 0.411 6 0.383 6 0.575 
5.0 0.176 7 0.368 6.5 0.370 7 0.3[>4 7 0.560 
6 0.132 8 0.275 7.0 0.323 8 0.327 8 0.541 
7 0.102 9 0.198 7.5 0.274 9 0.308 ' 0.522 
8 O.OR:l 10 0.153 8.0 0.235 10 0.203 10 0.500 
9 0.06\:l II 0.122 0.0 0.173 12 0.459 

10 0.059 12 0.100 14 0.421 
12 0.047 13 0.084 16 0.300 
15 0.039 14 0.071 12.5 0.06 1 18 0.369 

15 0.065 14 0.045 20 0.348 
16 0.058 16 0.035 

20 0.027 
25 0.023 

When sodium fluoride is added to practically pure ferrous chlo
ride, the poten tial is lowered by several hundred millivolts, 
because the Fe+++ present is largely eliminated through the 
formation of the complex FeF~--- ion, while Fe++ does not, to 
an appreciable degree, form a similar complex. It was men
t ioned in Chapter IX, page 333, that a solu tion of ferrous salt 
which is not a photographic developer acquires developing prop
erties upon the addition of fluoride ion. 
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A rather extensive research on the potentials of ferrous-ferric 
solutions containing organic complex-forming acids was made 
by Reinders and deMinjcr: 8 Mixed solutions of ferrous sulfate 
and ferric sulfate \\'ere potentiometrically titrated \vith the alkali 
salts of citric acid, malonic acid, oxalic acid, tartaric acid, and 
lactic acid. The results are given in Table XLV. The poten
tials of the solutions varied between 0.641 and 0.023 volt , 
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Fm. 125. Potentials of ferrous and ferric solutions with varying amounts 
of (1) citrate and (II) malonate. 

according to the concentration of the organic salt. The titra
tion curves for the citrate and the malonate are given in Figure 
125. Since the ferric complex is much less dissociated than the 
ferrous complex, upon addition of the organic salt the ferric com
plex will be formed first. Only when the ferric ions are used 
up will the organic ions form the ferrous complex. A marked 
fall in the potential curve, i.e., the bend in this curve, indicates 
when all the ferric ions have been consumed; and from the 
curves, the existence of the complex ferric ions Fc2(C8H~07)3---, 
Fe(C3H20 4)a---, and Fe(C204)3 ___ can be deduced. 
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Upon the addition of acid, the potentia l of the citrate- and 
malonate-containing solutions rises slowly, corresponding to the 
decrease in the concentration of the citrate and malonate ions. 
The addition of acid to the oxalate-containing solutions has less 
effect. On the addition of caustic soda, the potentials fall ; but 
some solutions produce precipitates. However, a considerable 
amount of sodium hydroxide can be added to the solutions con
taining ta.rtrate, and this lowers the potentials very markedly. 
The effect of the pH on the potentials is caused by the formation 
of complex ions which are different from those which are stable 
at lower pH. 

In systems of the hydroquinonc-quinonc type, the potentials 
depend greatly on the pH of the solutions. They ma.y be con
sidered as determined by the concentrations of the oxidized form 
and of the divalent ion of the reduced form. The following 
equation then result-s : 

K1 and K 2 are the first and second dissociation constants of 
hydroquinone. The importance attached to the divalent ion 
corresponds to the fact that neither the undissociatcd hydro
quinone nor the monovalent ion can form quinone simply by 
losing electrons, while the divalent ion and quinone differ from 
each other only in their elect rons: 

<;m o- o 

Q + zon- "' (I+ zn,o"' 0 + z, + zn,o. <•J 
0 1-1 7:- 0 

This p.-ovides a convenient picture of the processes involved, 
but it should be remembered that the thermodynamic results 
are independent of the mechanism by which t hey are reached. 
This is treated in detail by Clark.9 Each of the processes of 
equation (9), ionization and oxidation, can take place in two 

*Analyticalconcentralion,i.e., concentre.tionof molooulc@. J)\ueione. 



478 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

steps. This has been known for a long time for ionizat ion, and 
it has been established for oxidation by Michaelis and his collab
orators,10 who demonstrated by analysis of the titration cmves 
that electrons can be lost and added individually . 
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:F'1o. 126. The oxidation-reduction potentials (E'n) of hydroquinone 
(upper curve) and of hydroxyhydroquinone (lower curve) in eq uilibrium 
with equal mols of t heir oxidat ion produds at 20° C. 

The normal potentials of t he hydroquinone-quinone system 
(the values of the standard potentials Boat pH = 0, i .e., in totally 
dissociated 1-normal acid) \Vere studied by various au thors,u and 
most recently Ball and Chen 6 b and Cameron 12 determined the 
standard potentials over a wide range of pH. Ball and Chen 
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used Hartridge and Roughton's method (see page 474) and 
determined Eo for a pH range of 0.9 to 12.5. Their values agree 
fairly well with the very complete determinations by Cameron. 
Cameron used the method of discontinuous titration described 
on page 473 and, working in an atmosphere of nitrogen to avoid 
autoxidation, obtained the results given in Figure 126. The 
fo llowing discussion is taken from his paper. The potential falls 
rapidly with increasing alkalinity of the solution. When (Red) 
= (Ox), the second member of equation (8) becomes zero, and 
the slope for the dependence of the redox potential upon pH 
should be 0.058 until the pK of the first ionization constant is 
reached, i.e., the pH at which the concentration of the mono
va lent ion equals that of the undissociated hydroquinone or, 
roughly, the pH at which 50 per cent of the hydroquinone is 
ionized. Then the slope should become 0.029, and, at the pK 
of the second ionization, it should become zero.' Examination 
of Figure 126 shows that the change at the pK of the first ioniza
t ion occurs, but that at about the point where the pK of the 
second ionization should be, the slope reverts to the original 
0.058. F urthermore, the slope between pH 9.8 and pH 12.3 is 
not the theoretical 0.029 but 0.0261. This irregular slope indi
cates that in this region the potential is determined by a mixture 
of systems. At pH 12.3, the benzohydroquinone-quinone sys
tem must disappear as far as any effect upon t he potentials is 
concerned; a change in slope at this point would indicate that a 
group common to both forms of the system had ionized in the 
oxidized form. Disappearance of the quinone in the range of 
pH above 10 is accompanied by the formation of a deep orange
red coloration which fades more or less rapidly, depending upon 
the pH value, to a yellow. The drift of potential is rapid. 

It is known that at high pH a very rapid disproportionation of 
quinone into hydroquinone and hydroxyquinone occurs, 

2 C6H402 + H20 - C&H4(0H)2 + C6H3(0H)Oz, 

which may be followed by the analogous formation of hydroxy
hydroquinone and dihydroxyquiuone, 

2 C6H~(OH)Oz + HzO - C&Ha(OH)~ + C6H2(0H),_Oz. 

Thus, at pH higher than 10, the mixtures in which the potentials 
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were determined might contain hydroxyhydroquinonc in equi
librium with dihydroxyquinone. The formation of t he former 
system in the reaction mixtures was confirmed by experiments 
in which quinone solutions without hydroquinone were added to 
t he buffers. T he potent ials and t he color sequence of these 
solutions checked perfectly with t hose made up wit h hydroqui
none and quinone. The fate of quinone in an alkaline solution 
was further illustrated by the following experiment : A measured 
quant ity of acidified benzoquinone solut ion was reduced with 
hydrogen and colloidal palladium at pH 0.5 and titrated with 
potassium molybdicyanidc solution in an inert atmosphere. The 
same quant ity of quinone solution was then added to 0.1 M 
sodium hydroxide in an atmosphere of nit rogen, and after thirty 
minutes the solut ion was acidified with sulfuric acid to a pH of 
0.5 and titrated with molybdicyanide solut ion. T he titration 
indicated t hat 9.2 per cent of a compound 0.100 volt more nega
tive in oxidation-reduction potential than the benzohydroqui
none system and 67.7 per cent of hydroquinone had been formed 
from t he quinone upon disproportiona tion in alkaline solution. 

Ball and Chen a lso determined t he redox potentials of cate
chol, protocatechuic acid, protocatechuic acid ester, gent isic acid, 
gentisic acid ester, pyrogallol, and pyrogallic acid- however, 
only in the pH range lower than 2, in which these substances do 
not develop t he latent image. 

Values for the normal potentials (standard potentials a t pH = 0) 
of t he hydroxybcnzene compounds are given in Table XLVI. 
These compounds arc developing agents with the exception of 
the acids 2, 5, and 9 (Chapter IX, p. 344). 

T he dependence of the redox potentials of p-aminophcnols 
upon their pH is indicated by the equation 

N Hz NH~ N H .+ 0 + on- "" (I + n,o o" 0 . + n,o. ( IO) 

0 11 "&- 0 
Here again, an anion (however, in this case, a monovalent one) 
is oxidized to a somewhat stable compound by the loss of two 
electrons. The un-ionized substance, to reach the same result, 
would have to lose an clcetron and a hydrogen atom. 
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Fieser/' using the method of discontinuous titration, studied 
the redox potentials formed in the oxidation of the developing 
agents p-henzylaminophenol, p-methylaminophenol, p-amino
phenol, and p-phenylenediamine . His values for the standard 

TAHLE XLVI 

NoRMA!, PoTENTIAl~., OF HYuuoxnJENZENE CoMI"OUNDH, TE.\Il".E;nATIJRE 30" C . 

Reductant 

I . Bcnmhydroquinonc, Ho.-Q-oH 

2. Gentisic acid, HO-C)--on 
'{;OQH 

4.Catochoi,TT~ 
no>-----" 

5. Protocatechuic add, H~~H 
0. J•;thyl ester of protooa.techuic acid, 

n~--p-cooc.n. 

7. Hydroxyhydroquinone, nr;p-oH 

~")------, 
S.E'yrowl.llol,H~ 

HO 
9. Gnllicacid, H~--cOOH 

;.~ 

Eofor pll - 0 

0.7029 

0.793 

0.793 

0.792 

0.883 

0.884 

0.6014 

0.713 

0.7W 

potentials of p-benzylaminophenol and p-aminophenol are plotted 
against pH in Figure 127; those of methyl p-aminophenol, in 
Figure 128. The values of t he p-aminophenol system for higher 
pH, which are included in Figure 127, were determined by 
Bogdanov 13 using F ieser's method. 

Cameron 12 derived the following equation including the alka
line range, and, using the same method as for the hydroquinone 
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system, verified it experimentally for methyl p-aminophenol : 

, RT (Ox) RT + 
£ - E, + T In (Red) + T In (H ) 

RT I K ,. K . + K .(J-1 +) + K"(H+)' ( II) 
+T " K. + K,(J-1+) . 

Red and Ox are the analytica l concent rations of t he reduced 
and the oxidized forms, K "' is the dissociation comstant of water, 
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FIG. 127. Relationship between pH and the potential of half-oxidation 

(E'u) of ( f ) p-benzylaminophenol nnd (II ) p-aminophcnol. (The lines are 
theoretical, the points cxpcrimcntnl.) 

K .. is t he acid dissociation constant of t he phenolic group in the 
reduced form, and Ko and K R are the basic ionization constants 
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of the amino groups in the oxidized and the reduced forms. 
The normal potentials of the methyl p-aminophenol (metol) and 
the metol-sulfonic acid systems are plotted against the pH of the 
solutions in Figure 128. The lines are drawn with the thcoreti-
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Fw. 128. T he oxid:~tion-rcduction potentials (E' u ) of methyl-p-amino· 
phenol (lower curve) and of mcthyl-p-alllinophcnol sulfonic acid (u pper 
curve) in e<Juilibrium with their oxidation products at 20° C. 

cal slopes, and the curves show that the experimental data fit 
the calculated lines with excellent regularity. The introduction 
of the sulfonic acid group shifts all ionization constants so that 
both the acidic and the basic groups in metol are weakened and 
the redox potential at any given pH is increased. Cameron 
could carry the measurements into fairly alkaline solutions be-
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fore the decomposition became too rapid. In all measurements 
of both compounds, the graph of the potential against time was 
a straight line for a considerable period. In some cases, i t re~ 
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Fw. 129. T he oxidation-reduction potentials (E' u) of p-a mino-N-dimethyl

aniline in equilibrium with its oxidation product ut 20° C. 

mained a straight line fof fifteen minutes. T he drift toward 
lower potentials indicated that the oxidized form was decreasing 
in concentration by a reaction the rate of which was unimolecu
lar. No definite knowledge of t he chemistry of this reaction 
is available at present. 
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The dependence of the redox potentials on pH which is prob-
able for p-phenylenediamine is indicated by the equation 

NI·h Nn~ 

0 ~ 0· 
Nih ~Ih 

(12) 

The p-phenylcnediamine system is so unstable in neutral solu
t ions that Fieser could make measurements only at pH lower 
than 5. Clark, Cohen, and Gibbs 4 in an earlier attempt had 
not succeeded in meas uring potentials of the p-phenylenediamine 
system. However, by rapid operation and using concentrated 
solut ions in de-aerated buffers, t hey measured the potentials 
of the p-aminodimethylaniline system up to a pH of about 8. 
The results arc given in Figure 129. Although the values con
form perhaps as well to a "best straight line " as to the curve 

TABLE XLVII 

POTE:>o"TIALS O f' N !T ROGEN-C OXTAINII'>Il DEVELOPING Am!:NTS 

( U.OUNDJW AVERAGE VALUES, TEMPEUATURE 25° C .) 

System nomed fJ.'I reductant 

p-Mcthylaminophr.nol 
p-Ucnzyln.minophenol 
p-Aminophcnol 
p-l'hcnylcnediaminc 
N-Mcthyl-p-pheuylcncdiamine 

Potential 
Ak()h()l Water 

0.093 
.703 
.733 
.783 
.751 

0.688 
.698 
.728 

(.801) 

Half-life 
(neulral8olulion) 
A koAol Water 

min. min. 

35.6 
3.9 
3.9 
0.5 
0.5 

7.4 
1.4 
1.1 
0.1 

drawn in t he figure, the latter is justified because it is in agree-
ment with the independently determined dissociation constants 
involved, which are given in the figure as pK values. The sub
script r indicates the reduced, o the oxidized form of the system. 

Table XLVII, taken from Fieser, gives the potentials of some 
nitrogen-containing systems in aqueous and in a lcoholic solu
tions. T he potentials are those determined in dilute solutions 
of equimolecular quantities of the un-ionized oxidant and re
ductant a-nd are referred to the hydrogen electrode in the same 
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· solvent. The half-life periods of the oxidized forms in these 
systems arc also given to illust rate their instability. 

To invest igate the significa.Hcc of redox potentials for photo
graphic development , Brcdig H used the potential values meas
ured by Bancroft (p. 474) and potentials for silver bromide and 
silver chloride in potassium bromide solu tion which were ca.lcu
la ted from mcnsurements by Zenf,!;elis and Goodwin. •~ Brcdig 
pointed out that t he developer must have a lower redox potential 
than that of the silver halide, \vhile systems with redox poten
tials as low as that of stannite fog t he emulsion. He showed 
t he connection between the restraining effect of acids on some 
developing agents and the decrease in the reduction potentials 
of the developing agents in acidic solutions. The effect of potas
sium bromide in developers was explained by the lowering of the 
oxidation poLentia.J of the silver ha.liclc. 

The clecrea~e of the standard reduction potentials with in
crea:;ing pH is read ily understood from the prccediug discussion. 
It may be added t hat the increased developing activity of, for 
example, hydroquinone a nd p-a.rninophenol with higher pH may 
be conneet.ed with the lowering of the sta.ndan1 potentia ls and 
directly eau::;ed by t he increased concentrations of the acLive 
ions. p-Phenylenediamine acts in a developer as t he free base, 
and alkali must be added to neut ralize t he acid if compounds of 
this type are applied as salts. However, even after t he pH of 
the solution has hecn raised enough for a.ll the ]}-phenylenedi
n.mine to be present as the free base, a further increase in the 
pll of the solution has it.s effect on the rate of development. 
Superi mposed on the clcct rochemic:al c:onditions are the kinetics 
of the various pro<!CSses involved in photO)l;raphic development. 
For instance, t he removal of the quinonoid oxidation products 
is accelerated in alkaline media, and this may explain the de
pendence of the activity of ]J-phenylenediamine developers on 
the pi-1 of the solution, even at alkalinities at which t he com
pound is present only as the free base.16 

It is mentioned in other chapters that, upon the addition of 
much bromide, a developer containing a n oxidized form may 
even brorninate a silver image already present, because t he 
silver-ion concentration is lowered by the excess of bromide 
below the value which is in equilibrium with solid silver. T he 
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potent ial of a reversible silver/silver ion electrode is 

' ll'l' (Ag+) 
!~ ..... = Eo,..~ + T In (Ag) , 

4 87 

(13) 

and obviously this potential will be affected by the presence of 
, bromide ions. It was for this reason t hat Sheppard and Mees, 
N ietz, and others u:sed the expression "bromide potential" for 
the decrease of development rate produced by bromide ions, 
since the Ostwald-Abegg theory of development implying a prac
t ically instantaneous establishment of the equilibrium between 
solution and solid considered the equilibrium conditions as de
cisive for the react ion rate. T he method of determining bromide 
potentin.Js was used not only because it reproduces the conditions 
of practical development fairly well, but because great difficulties 
were encountered in the measurement of the electrochemical 
redox potent ials of most important developers. However, the 
true redox potent ials cannot be calculated from the bromide 
potent ials, and the quantitative study of the relation of true 
redox potentials to the properties of developers remained an 
interest ing problem. 

In the treatment of this problem, distinction should be made 
between investigations which use developers with well-balanced 
redox potentia ls, such as the ferrous-ferric systems containing 
complex-forming organic acids, and those using organic develop
ing agents, such as hydroquinone and metol. It is obvious that 
the latter systems present all t he difficulties encountered in the 
measurement-s of the redox potentials of t he alkaline solutions 
of these developing agents. Furthermore, the difficulties arc 
considerably increased by the fact that the developers do not 
contain reversible systems with reducing and oxidizing states in 
concentrations of the same order of magnitude. In the actual 
developers, the oxidants are present only in very small and 
unknown amounts. These systems are therefore badly poised 
and dcfic:ient in that the concentrations of t he oxidized states 
remain undefined. If the devcloper.':i contain sulfite, the small 
amounts of t.he oxidized compounds are further diminished by 
their reaction with the sulfite. 

Frary and Niet,z 17 attempted to mensure t he potent ials of 
several common devclopen; containing hydroquinone, metol and 
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hydroquinone, amidol, and sulfite. Constant potentials were 
obtained only for certain solutions and after considerable time
one week to three months-the drift being attributed to the slow 
establishment of a certain concentration of hydrogen on the 
electrode. This was considered in agreement \vith a theory 
according to which the potentials of redox systems are caused 
by certain concentrations of hydrogen characteristic for the sys
tems. Frary and Nietz calculated these concentrations from 
the measured potentials, but the physical significance of hy
drogen pressures so determined is still undecided. The work 
demonstrated a variation of the potentials according to the 
circumstances of measurement, and Sheppard 18 in 1921 con
cluded that" at present, the measurements by electrieal methods 
are entirely relative to the particular experimental conditions, 
and to a large extent, accidental." 

It was shown above that Reinders and deMinjer succeeded 
in preparing ferrous-ferric systems which were well poised and 
graded according to their redox potentials. Reinders and 
Beukers used these solutions to study quantitatively the rela
tionship between redox potentials of developers and some of 
their photographic qualities. Similar investigations were carried 
out independently by Faerman 19 and his colleagues. 

According to equations (4), (5), and (13), one might expect 
development to proceed whenever E..,~ >E. However, Reinders 
and Beukers 20 found that to start development EA~ - E' must 
attain a certain minimum value. The experiments, which re
semble those of Sheppard and Mees described in Chapter IX, 
page 334, were earried out as follows: A series of solu tions was 
prepared which contained ferrous and ferric ions in equal con
centrations, potassium bromide in a molarity of 0.01, and vary
ing amounts of the sodium citrate or sodium malonate. As 
shown in Table XLV, these reversible redox systems included 
potentials from O.f>41 to 0.023 volt. A film wa.s exposed so that, 
on full development, it would have had a density of about 3, 
and half of it was developed in a metol de veloper to a density of 
0.82, while the other half was left unprocessed. Tho film was 
cut into nine strips, each strip comprising a developed and an 
undeveloped area. Each of eight of the strips was treated for 
twenty hours with one of tho above-mentioned citrate-containing 
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solutions, the ninth strip being treated with water only, as a 
control. The strips were fixed, washed, and dried. Figure 130 
shows the results of these experiments. Curve I shows the 
densities of the predevclopcd regions; curve II, those of the 
non-predcveloped regions, plotted against the redox potentials 
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Fw. 130. Density of equally exposed strips after imrneN~ion in ferrous
ferric solutions with the indicated redox potcntinls : 1, a fter expo~urc, 
prcdevelo]>ell in mctol-bomx; IT, u.s I , but not prcdcvclopcd. 

of the solutions. Since the potential of a silver electrode in a 
0.01 mola.r potassium bromide solution is 0.202 volts, it is evident 
from curve li that development does not start until !1E', i .e., 
E,.K - E, has a value of about 80 m V. Developers with AE 
smaller than necessary for t he initiation of development weaken 
the la.tent image, presumably because they dissolve the silver 
nudci of thf' latter. Curve I, on the other hand, shows that 
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development, once started, is continued if the value E of a 
solution is smaller than EA~, while rehalogenation occurs if E 
becomes greater than EM.· 

Other experiments were carried out with varying exposures. 
In Figure 131, t-aken from Bcukcrs' thesis, the fully dntwn curves 
refer to experiments with pl'edeveloped strips; the dotted lines, 
to experiments with non-predeveloped strips. Ead1 curve of the 
two families represents a different exposure. The controls of 

+ 50 150 •so 
--l.tlLL\\IOLT 

FTG. 131. Densities of Rtrips with different exposures: Prcdcvcloped 
stripf'. I, 2, 3, 4; log F:, :!, 2.5, 2, 1.5; non-prcdcvclo])Cd strips I, 11, III , 
1\' , V; Jog 8, 3, 2.5, 2, 1.5. De,•clopcr: Ferrous-ferric pot:•ssium malonate 
with potassium bromide. 

t he predevcloped strips are marked by small horizontal lines. 
To start development, the potential of the developer must be 
lower with sma ller exposures, and the critical value !:J.E varies 
between 70 and 100 m V. On the other hand, as might be ex
pected, the exposure has no influence on the direction in which 
the developers affect the predeveloped ima.ge. Ferrous-ferric 
solutions containing ma.\ona te and other organic complex-formers 
produce the same values for the critieal difference A£' and for 
the equivu.lcncc potential, i.e., the potential at which neither 
development nor rchalogenation occurs. 
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T<ameyama and Kikuchi 21 found that the critical values t:.E 
vary with t,he nature of the silver halides in a Sequence which 
agrees with t.hc solubility products. Table XLVIII shows the 
dependence or the silver potentials on t he nature n.ud concen
t ration of the halides according to measurements by Reinders 

. and Beukcrs.n 
T AULE XLVIIT 

Silver d oloride in OJ)()] :\ poh~~Hium 1·hloride + 307 
Silver chloride in 0.01 ;-.; JXJt:~«.•ium chloride + 340 
Silver chloride iu 0.1 N pohL'<>'ium <·hloridc +286 
Silver chloride in 1.0 N ]XJt assium chlm ido +232 
Silver bromide in 0.001 N pota~~ium bromidll + 254 
Silver bromide in 0.01 N potu~~ium bromide +196 
Silver bromide in 0. 1 ~ potn~~ium hrornide + 13R 
Silver bromide in 1.0 N potn!!l;ium brmnidc + R7 
Silver iudidc in 0.001 N pota~~i11m iodide + 35 
Silver iodide in 0.01 N po(.:IJ';;<ium iodide - 23 
Silver iudide in 0. 1 N pot.~""ium iodide - 8 1 

J<'or solutions containing equal amounts of hydroquinone and 
quinone, 0.005 mol per liter of potassium bromide, a nd no sulfite, 
the density of predeveloped strips inc1·eased when the pH was 

.higher than about 8 and the redox potent ial lower than the 
silver potentia.!, while solut ions having a lower pH and a higher 
redox potent ia.! bleached the image. These experiments could. 
not be extended into a more alkaline region because of the 
instability of t he quinone at higher pH. According to Reincler/3 
and Beukers, the usual metol and metol-hydroquinone devel
opers have redox potentials of about -25 to - 50 mV., a.nd 
t hey a rc not quite constant. The values for tJ.E in this case 
would not be more t han 200 mV. However, In view of the 
problems connected with the na.tme or organic developers (p. 
487), it is difficult to say what importance can be attached to 
any of these statements. 

For small differences behvcen E,.~ and E , the rates of develop
ment and rehalogenation for the citrate-containing developer 
(Figure 130, curve I ) are proportional to those differences. T his 
holds also within certain limits for the other developers inves
t igated. However, developers differ largely in their rates of 
development, even tbou.u;h they are adjusted to t he same redox 
potentials. The mal011atc-containing solutions, for instance, are 
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·much more active than the citrate developers of the same poten
tial. According to Bogdanov,t the !:J.E values do not determine 
the speed of development. The lack of a relation between the 
development rates and the redox potentials of different devel
opers was further demonstrated by Kan-Kagan.23 The absence 
of such a relationship is not surprising, because the redox poten
tials depend upon the ratio of the concentrations of the oxidant 
to the reductant, while the rate of development should be pri-

' 
: 

I ' ' I 
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Fw. 132. Silver ion/silver and oxidation-reduction evcls with different 
types of development. 

marily a function of the concentration of the active species of the 
developing agent itself, although this concentration is certain ly 
not the only factor on which the rate of development depends. 

A scheme to illustrate the significance of E,.. and E for the 
different types of development was devised by Faerman 23b· 18 and 
is shown in Figure 132. A represents the conditions for ordi
nary chemical development. In B, the redox potential of the 
developer is raised so that the value EAK - E is insufficient for 
chemical development. In C, silver ions have been added to 
the developer and physical development proceeds. In D, the 
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concentration of silver ions has been depressed by the addition 
of bromide, so that development slows down or even stops. 

The necessity for a difference EA" - E for the initiation of 
development is explained by Reinders, on the basis of the 
Ostwald-Abegg theory, by the small size of the silver particles 
'which compose the latent image, while, for the continuation of 
development, larger aggregates of silver serve as centers of crys
tallization. It is known that the solubility of small particles is 
an inverse function of their size, and the concentration of a 
solution in contact with small part icles increases with the solu
bili ty of these particles. Therefore, in equation (13), [Ag] 
increases and EA-.: decreases with the size of the silver particles, 
and a lower value of E is necessary to equal EA"'' disturb the 
equilibrium, and start development. Reinders calculates that 
a concentration of silver atoms which is sixteen- to fifty-three
fold great-er than that of a solution in contact with macroscopic 
silver particles would account for a critical value of EA~ - E of 
70 to 100 mV. The size of the particles producing this "super
saturation" was calculated by means of the Thompson-Ostwald 
equation, which shows the connection between the solubility 
and the dimensions of a particle. However, this equation does 
not hold if the particle size decreases to aggregates of a few 
atoms. The lower limit for the size of particles which will 
cause development is, therefore, according to Reinders and 
Hamburger,24 too high when it is calculated by means of the 
Thompson-Ostwald equation with the observed values of llE'. 
Reinders believes that an aggregate of four silver atoms is enough 
to in itiate development, because this value was found in experi
ments in which si lver was sublimed onto a glass plate and 
subjected to physical development. However, the calculations 
evaluating these experiments neglected the possibil ity of adlinea
tion, mentioned on page 164, and may therefore have yielded 
particle sizes far too small. 

Another aspect of the experiments of Reinders and Bcukers 
concerns the magnitude of !lE required to initiate reduction of 
the different grains of an emulsion. It is not quite clear whether 
in experiments in which development is carried to completion 
the densities still depend on the potentials of the developers as 
well as on the exposures. A dependence on the potentials would 
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prove that the threshold value of E for the initiation of develop
ment varies from grain to grain. In terms of the Ostwald
Abcgg-Reinders theory, this would mean that grains with larger 
silver nuelei become developable at R values at which grains 
with smaller nuclei are sti ll unaffected by the developer. How
ever, Sochcr 2" found tha.t, in addition to the size of the silver 
particle, other factors, such as the adsorption of gelatin, may 
strongly influence the magnitude of t::.E. In general, the fact 
t hat a considerable difference between HM. and 8 is necessary 
·for the initiation of development is in agreement not only with 
the development mechanism suggested by the Ostwald-Abegg 
theory but also with other mechanisms. 

In physical de velopment , the silver ions are added as a com
ponen t to the developer, and the value [Ag+] on which the silver 
potentials depend is known to be regulated not only by the 
concentration of the soluble halide but also by the silver con
centration of the developer and the nature and quantity of the 
complex-forming salts present. 

Reinders and Beukers 22 determined the values of the silver 
potentials in solutions containing 0.1 mol of complex-forming 
salts and increasing quantities of silver nitrate (Table XLIX). 

TABU; XLJX 

Su.vER PoTENTIAL IS i\·IILLTVOT.TS IN &li.Ul'TONS CoNTAINING l'EII LITEII, 18Q C.: 

No Compkx 0.! fl . 11!{>/ 0.1 fl. mol O.l fl. mol 
f.'ormiuvSalt NH, Na.S,O, KCN 

0.2 + ii90 +280 +2;)(} -GS -490 
1.0 +~!30 +:122 +2fJ.1 - 26 -467 
2.0 + 648 + 3·10 + 315 - 8 - 45;') 
40 + 666 +::!iiS +a4o + 8 - 43S 
s.o + fiS3 +31'0 +372 + 31 -4 17 

12.0 +693 + 397 + 392 +47 - 400 
16.0 +700 + 412 + 411 +60 -3Sil 
20.0 +706 +4Z'l +427 +73 -360 

Potassium cyanide gives the strongest complex formation, fo l
lowed by sodium thiosulfate and sodium sulfite. The addition 
of :,;odium sulfite to a solution of silver nitrate in sodium thio
sulfate, t hcrefol'c, docs not change the potential. However, if 
thiosulfate is added to a complex :mlution of Hilver nitrate in 
sodium sulfite, the potential decreases very regularly with the 
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thiosulfate content. The solut ion remains clear, and any desired 
silver potentia l between + 300 and + 30 mV. may thus be ob
tained. If still lowe!' values are desired, they may be obtained 
by the addition of cy:tnide. 

The values of t he silver potentia ls explain the behavior of 
, the respective solutions toward the silver halides. As shown 
in Table XLVIII, silver bromide in a 0.01 N potassium bro
mide solution has a potential of 196 mY. It therefore readily 
Uissolves in a solution having a silvel' potential lower than 
+ 196 mY.; e.g., in the complex solution of sodium thiosulfate. 
However, in a 0.001 :r-.; potassium iodide solut ion, the silver 
potential is not higher than + :35 m V. Silver iodide therefore 
docs not disl';Olve- or dissolves only slightly- in a physical de
veloper which has a silver potential of +50 mV. ; e.g., in the 
physical developer of Odell (Table L, developer 6) . Am:onling 
to Reinders and Beukcrs, this explains, a t least partly, why, 
before t reatment with the Odell developer, the film is bathed in 
a solut ion of potassium iodide. The grains of silver bromide a.re 
covered with a thin layer of silver iodide, and thus too rapid 
solut ion of the silver bromide in the developer is prevented. 
This would cause local overconcentra.tion of the silver and pos
sibly produce fog. 

Reinders and Beukers determined the silver potentials and 
t he reduction potentials for some practical physical developers 
containing organic reducing agents, in one case the reducer bciug 
left out of the solut ions and in the other the silver nitrate; they 
meas ured the potentials with a silver electrode or a platinum 
electrode. The results are shown in Table L. If, in the table, 
the firs t strongly acidic solutions a rc neglected where the re
duction potent ial of metol could not be determined with any 
exactness, it appears t hat, notwithstanding the widely varyiug 
compositions of t hese solutions, as well as the very different silver 
and reduction potentials, the value of dE will vary, within rela
tively close limits, from 100 to 170 mV. Reinders and Beukers 
point out that t he spontaneous deposition of silver in solution G, 
where dB is t he smallest, was much less than in the other solu
tions. It was visible in solution 5 after three to four minutes ; 
in solution 4, after one-half minute. The speed of the spon
taneous silver formation thus increases with the value of aE. 
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The reduction potential in solution 6 was found to vary with the 
circumstances of the measurement. The value of -50 mV. 
given in the table was observed after t he solution was left stand
ing for some time. If air was blown through it, the potential 

TABLE I, 

TH],l FJNAr. SoT,UTIOY CoKTAININO JY GRAMS PEl\ L11'En: 

s~ s~ 
di~£111 di~<m 

S~<l- Thio-
fil• llulfate Si/J!f'r "• <Roo aE 

No. (anh.) (cry~f.) Othm-Materials Reducer Nitrate mV. mV. mV. 

100 (ci tric acid) tr.-20 710 +450 310 
15 (wdiurncitrate) (metol) 

100 (cit ric acid) 20 680 +450 280 
(mehll) 

40 2:i 20(trisodiumpho~- ,; ~at. ~ilver +04 -95 l;j9 
pl1atc) (eryst.) (amidol) bromide 

!53 3.3(p- 6.25 270 + 100 170 
phenylene-
diamine) 

85 0.&5 <!(ammonium 16.5 0.65 187 +50 137 
thiocyanate) (meW!) 

20 32 1.67 3.2 +50 -50 100 
(am idol) 

1. Liippo-Crnmer, uide L. P. Clerc, La. techniq1re plwt.ographique, I, 375. 
2. Liippo-Cramer, ~.we E. v. Angerer, IVUsemclwftliclw PhoiO(]Taphie, 20. 
3. LumiCre and Scyewcb, Wle L. P. Clerc, Da technique photographique, I , 373. 
4. LumiCre and Scyewctz, Edcr's Rczepte und TaiHJUen, 1933, 86. 
5. Xeuhaw>.~, vide L. David, PhoiO(]Taphisches Praktikum, 1919,389. 
6. Odell, The Camera (Philadelphia), 1937, 54: 145. 

rose to 0 volts. Upon stopping the current of air, the potential 
decreased within five or ten minutes to -50 mY. If the solu
tion was then agitated, the potential increased again to a value 
between these limits, depending upon the intensity a nd the 
method of agitation. The other organic developers ~isted in 
Table L showed a similar behavior to a greater or less extent. 
The authors ascribe this phenomenon to the varying concentra
tions of the oxidation products of the developing agents, which 
depend on the rates of formation by aerial oxidation and on the 
rates of decomposition. If the solution~ are stirred viOlently or 
air is blown through them, the concentrations of t he oxidation 
products attain high values an<i the redox potentials are high . 
If the air stream or agitation is stopped, the d issolved oxygen is 
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used up. It is replenished only by oxygen entering by diffusion 
through the surface and the concentration in the lower layer 
and, therefore, the reduction potentials are low. 

As mentioned on pa.ge 487, complications of this type might 
be anticipated in view of the experience with solutions of t he 
organic developing agents themselves and the irreversibility ami 
t.he lack of poise of the redox systems contained in developers. 
These complications are demonstrated in more deta.il by Cam
eron.26 This author used for his measurements a water ... jackctcd 
beaker fitted with a glass cap carrying the necessary electrodes, 
salt bridge, stirrer, and so forth, so that any desired atmosphere 
could be maintained in this reaction vessel by introducing the 
gas through a bubble head. Rapid stirring with a motor-driven 
glass paddle which entered the reaction vessel through a water 
seal aided in securing equilibrium conditions. Solutions of metal 
and of hydroquinone were investigated in the presence of varying 
amounts of sulfite under nitrogen and in atmospheres which 
contained varying amounts of oxygen. Potentials measured in 
the absence of oxygen are much lower than those measured in 
its presence. l n the absence of oxygen, the systems are un
'poised, as would be expected of a solution containing only one 
component of a redox system. In the presence of oxygen, the 
potentials are lowered by sulfite in proportion to its concen
tration. This effect is in agreement with the assumption that 
the sulfite removes an oxidized form. The potentials of a metol 
solution containing sodium sulfite at pH 9 depend linearly upon 
the logarithms of the partial pressures of oxygen over the whole 
mnp;c from one to one hundred per cent of oxygen. Readings 
agreeing roughly with those obtained in pure nitrogen can be 
secured from electrodes located at the bottom of unstirred solu
tions exposed to air. As the oxygen present in the solution is 
used up, the potentials fall and become less well poised. 

Cameron did not decide whether the oxygen functioned as a 
basic unit in the electrode reaction, setting up an oxygen elec
trode, or whether it acted on the potent ial by oxidizing the 
developing agent according to the mechanism suggested by 
Reinders and Beukcrs. Systems of the latter type were theoreti
cally treated by Nekrasoft}7 when he discussed the significance 
of the redox potentials of certain irreversible biological systems. 
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Nekrasoff shows that definite potentials may arise if there exists 
a definite "probability of appearance of hydrogen," i.e., availa
bility of electrons at the electrode. This will be the case if, for 
instance, a reducing compound is present in such an amount 
that its concentration does not vary perceptibly during the 
period of observation and if an oxidizing compound is formed 
and d isposed of in such a way that a stationary state is set up 
and the concentration of the oxidant remains constant. For the 
potentials of irreversible systems with concentrations due to 
stationary states, Nekrasoff a rri ved at formulus identical with 
the usual formu las for redox potentials. However, the signifi
cance of these potentials is obviously different, because, inasmuch 
as they are not measured on reversible or quasi-reversible sys
tems, they do not signify the free energies involved. 

The potentials of these irreversible systems thus depend on 
the concentrations of substances which have only a fleeting 
existence. They arc therefore susceptible t.o variations in the 
kinetics which determine t he concentrations of the characteristic 
compounds, and, particularly, if the relative concentration of one 
compound of t he system is low, a decided lack of poise and high 
sensitivity of the potent ials may be expected. 

To avoid the errors caused by the lack of poise and by the 
undetermined concentrations of the oxidants in the developers, 
the standard potentials of the developing agents rather than the 
potentials of the actual developers might be compared with the 
photographic results. However, the data available in the litera
ture scarcely lead to the expectation that simple relationships 
might be found, even if the pH of the developers are the same 
as those for which the standard potentials were determined. 
Sti ll less can a systematic relation be expected if the normal 
potentials (E o for pH = 0) of organic developing agents are 
compared with t he photographic qualities of de velopers made 
up with these developing agents at entirely different pH values. 
Thus, Tables XLVI and XLVII show that compounds with 
identical normal potent ials may or may not be developing agents, 
wh il e compounds with rather different normal potentials may 
resemble each other in their photographic properties. 

Another attempt to meas ure redox potentials in actual devel
opers was made by Evans and Hanson: 28 The developer was 
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placed in an open beaker and constantly stirred by a. glass paddle. 
A small amount of potassium ferroeyauide was added as it poten
tial mediator, because it was found that t his increased the rate 
at which the elect rodes came to equilibrium. From the reason
ing on page 4il, it is seen that this procedure should not appre
ciably affect the reduction potential of the system measured. 
The readings were commenced immediately upon insertion of 
the electrode. The potentials "customarily fell very mpidly at 

. the start and then tapered off gradually to a well-defined equi
librium. This equilibrium was maintained for anywhere from 
thirty seconds to one-half hour, depending on the nature of the 
solution, and t hen drifted slowly to more negative values." 
Evans and Hanson state that this plateau was independent of 
the electrode material and was eharn.cteristie and repeatable for 
a given solution. 1t was t.akcn as the true electrode potent.i lLI 
of the solution under consideration. The numerica l values given 
in the papers and used in the following discussion :ue the poten
tials actually measured against the saturutcd calomel clcdrode 
at room temperature and with t he developer at 20° C. These 
values for typical mixed developers a.re presented in Tnblc LI. 

TADLE U 

lb:oucriON PO"I"l:NTI.H S FOR Tn'TCAT, 1\Innw D r;vt:T.OPI':Its 

PuNIUJia• Type pi/ HcJuctUm PolcrUWl 

"""' D-1 Pyro 9.6 -0.364 
0-9 Caust ic hydroquinonc 12.5 - 0.446 
D· IG Po~itivc MQ 9.0 -0.2!15 
D-72 1'1~pcr MQ 9.9 -0.407 
J)-76 Bornx MQ 8.1 -0.250 
D-760 Buffered bornx MQ 7.R -0.2.'".3 
D-82 HighenergyMQ 10.3 -0.420 

The dependence of the potentia ls on the concentration of the 
main constituents of the developer solutionR, i .e., the developing 
agent, the hydrogen ions, and the sulfite, was investigated. The 
change of the potentials to more negative values nt higher pH, 
which is illustrated in Figure 1;~3, may be due to nn inereascd 
concentra t ion of the negative ions of the developing agents and 
may also be caused by a Hhift in the concentrations of the oxida-
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tion products in more alka line solutions. It should be noted 
that the sulfite concentration in the amidol developer is only two 
thirds of that in the other solu tions. The effect of sulfi te on the 
potential of an amidol solution is shown in Figure 134. The 
potentials fall as the sulfite concent ration increases, not, how-

~ 1 ~.~~~~±-~T..-L,.~.~~~~t..~~-L~~ 
C.M:;. OJ: SULF ITE PE:R LITER 

FIG. 134. Effect of sodium sulfite on the potential of an amidol solution. 
Amldol, 10 gms. per liter; pH = G. I. 

ever, in a li near proportion (p. 497); and the effect seems to 
approach a saturatio n value. The potential of an amidol solu
t ion of pH 7.9 containing sulfite proved to decrease linearly as 
the logari thm of the concentration of the developing agent rose. 

The above-mentioned potential measurements were used by 
Evans and Hanson in experiments which applied the methods 
of Sheppard and Mees and of Reinders and Beukers to organic 
developers. Most of this work was done with amidol, but ac-
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cording to the authors entirely analogous data were obtained 
with metal and hydroquinone. The potentials were varied for 
the most part by changing the pH of the solutions. However, 
the pH neee&'>ary for the solutions with high poten t ials would 
ha.ve been so low that the gelat in of the photographic material 
\Votdd have been attacked. In these c~w·;eH, the reduct ion poten-

~ 

~ "HH-+---+'"'k+ +-+-t-HP":''<d-1-t----P,_,+-+-H 4-. : i r-

' '' 
~ : 

FtG. 135. Densi ties of strips with different exposu res : (continuous line) 
predevclopcd strips and (broken line) non-predeveloped strips. 

tial was raised by addition of an acidified solution of amidol 
which had been oxidized by air at a high pH. The developing 
experimen ts were carried out in large beakers "covered with 
heavy paper to exclude as much a.ir as possible." The potentials 
of the solutions d rifted somewhat during the course of develop
ment , and the potentials read immediately after development 
was completed, were therefore used in presenting the data. De
velopment was con tin ued for from five to six hours. Figure 135 
shows the results for a developer containing 10 grams of amidol 
per liter and neither sulfite nor bromide. The full line curves 
give the values of the densities of the predcveloped strips eorre-
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sponding to the exposure step whose number is indicated in 
parentheses. The densities of the strips which had not been 
predeveloped are shown as broken lines. It is evident that in 
:dl essential respects the results of Evans and H anson obtained 
with amidol correspond to those found by Reinderl-1 and Beukers 

.8 

FIG. 1:16. Effect of the potfmtial of the developer on the density pro· 
duced: x, :unidoldihydroehloride, 0 hour~ ; o, hyd mquinone, 22 f1ours; 6., 
methyl-p-aminophenol sulfate, 0 hours. Developing agent, 10 gms. per 
liter; potaSI:!ium bromide, 2 gms. per liter; sodium sulfite, 6.2;i gms. per 
liter. Exposure, 0.5 m.c.s. 

for development with ferrous complexes (sec Figure 131 ), and, 
if correction is made for the reference electrode, even the values 
for the equivalence potentials agree within 10 rnV. In a series 
with a developer containing sulfite, the same type of family of 
curves was obtainedj and the equivalence potent ial was again 
the same. 
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To test the effect of bromide on the position of the equivalence 
potential and on the threshold potentials for the initiation of 
development, t\vo series of experiments \vcre run: A fourfold 
increase of the bromide concentration lowered both potentials 
by about 40 m V., in good agreement with the theory, since an 
evaluation of equation (13) produces a shift of 36 m V. Other 
experiments showed that the concentration of the amidol haR a 
marked effect on the threshold potentials for tbe development of 
the latent image. As the concentration of the developing agent 
decreases, a lower potential is required to initiate development. 

Potentials of developers with amidol, hydroquinone, and metal, 

TABLE LII 

El.ECTROCHEMICAL RED UCTIO N POTENT IALS AcCORDING TO EY AN8 AND HANSON 
AND PHOTOGnAPIIIC lU;oUCTIOX PO'l'EI\TIAJ.S AcCOUDINO TO N IE1'1. 

Reductirm Potential BromUk Pot~ntial 

Cmu:cn- Cont. Witlwut Cont. Without 
tralion Developing Agent Nitrogen Nitrogen Nitrogen Nitrogen 

l\1 / 20 Diaminophcnol (amidol) 0.434 3Q-40 
M / 25 llromhydroquinone 0.327 21.0 
M/ 20 Monomcthyl p-aminophcnol 

sulfate (mctol) 0.308 20.0 
M/ 20 Pyrogallol 0.388 16.0 
M/ 20 Dimethylp-aminophenol 

sulfate 0.293 10.0 
M/20 Chlorhydroquinonc 0.335 7.0 
M/20 p-Aminophenol hydro-

chloride 0.291 6.0 
M / 20 T oluhydroquinone 0.390 2.2 
M/20 Hydroquinone 0.3.37 1.0 

plotted against the densities obtained for a given exposure, are 
shown in Figure 136. The difference between hydroquinone 
and metol or amidol is even more striking in view of the fact 
that the time of development with hydroquinone was nearly four 
times as great as that of either of the other developers, and its 
molar concentration was 50 per cent or more greater than theirs. 

Evans and H anson, furthermore, measured the redox poten
tials of solutions mixed to be as similar as possible to some 
developers for which Nietz had determined the photographic 
bromide potentials, 7ra, (Chapter IX, page 352). Table LII 
allows a comparison to be made of the two types of potentials. 
The values arc arranged so that the data for the developing 
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agents with amino groups are separated from those for the de
veloping agents without nitrogen. There is some parallelism 
between the two series of values in the former class. However, 
no apparent relationship exists with respec;t to the latter group 
of developers. The results of Evans and Hanson are of interest 
because they show the relation of the photographic data to the 
potentials mea •. 'mred by their method. However, it should be 
kept in mind that these potentials appear not to be true redox 
potentials of reversible systems, as shown by the investigations 
of other authors, and particularly of Cameron, as reported on 
page 479. 

In anot her paper, Cameron 29 showed that, with a sulfite
containing metal developer, no pH value could be found at which 
the predeveloped image was bleached and that the potential at 
which no ehange of density occurred, in comparison with the test 
strips, were not in agreement with the value of - 0.150 volts 
given by Evans and Hanson for amidol a.t the same bromide 
concentration. The potential below which development was 
continued wa.<; not markedly influenced by a tenfold increase in 
the concentration of sulfite, while a fivefold increase in the metal 
concentration caused a shift to a lower pH va.lue. The absence 
of a bleaching action in metol solutions containing sulfite con
firms t he fact that no reversible redox system exists in such 
solutions. A considerable variation appeared in the potentials 
of t he same solution before and after development. The pot.en
t ial behavior of a platinum electrode after the fi lm had been 
immersed in the solution for fifteen and a half hours proved to 
be very similar to that of a silver electrode. 

In conclusion, it may be emphas ized t hat in a practical devel
oper which is badly poised the concentration of the oxidant 
depend3 not only on the chemi(!al nature of the developing 
agent, on the pH of the solution, and on the concentration of 
sulfite, but also on t he amount of silver reduced per unit of time. 
The concentrations of the oxidant and the reductant inside the 
emulsion may further be influenced by the diffusion rates of the 
various compounds, and this increases the difficulty of gauging 
t he significance of experiments with organic developers. 
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CHAPTER XIII 

FIXATION AND WASHING 

The processes fo llowing de velopmen t may be divided into 
primary treatments, necessary to finish the picture or give some 
desired effect, and secondary ones, such as hardening, which are 
useful under certain condit ions. 

The most essential processes ax:e fixing, washing, and drying. 
Harden ing is necessary, in addit ion , in hot climates or under 
difficult commercial condit ions. The fixing and hardening baths 
may be combined in a single formula, though they tend to 
involve incompatible materials. The operations may be classi
fied as follows : 

Prim.anJ Ajlcr-treatmenJ; 

A. Essential 
Fixing 
Washing 
Drying 

B. Optionnl 
· Intensification and reduction 

T oning 
Tinting 

Seetmdary AfUr-lreatmenl 

ThcacitlsWpbath 
Hardening 

THE CHEM ISTRY OF F IXA TIO N 

Besides the reduced metal forming the image, the developed 
photograph con tains the residual sil ver halide unaffected by the 
deve loper. I t is held in a gelatin layer, which is swollen with 
a solu tion of sodium carbonate or other alkali and contains 
also partiall y oxidized products from the developer. Fixing 
should exert the primary function of dissolving the halide and 
t he secondary one of stopping development, prevent ing organic 
stain, and hardening or checking the fur ther swelling of the 
gelatin. 

The character of the silver salt remaining undeveloped va ries 
with the emulsion. Negative coatings generally contain silver 

508 
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bromide and some silver iodide; -bromide papers, nearly pure 
silver bromide; while the emulsion of slow development papers 
is essentially pure silver chloride. Since t he silver halides are 
only very slightly soluble, they cannot be removed from the 
emulsion by simple washing but must be treated with a "fixing" 
solution which can react with them to form soluble complex 
salts. From the mass action law, 

Ag X (solid ) ;::::! Ag X (dissolved) ;::::! Ag + X, 

assuming that the small quantity of dissolved silver ha lide is 
completely ionized, 

or, since the active mass of the solid phase js a constant, 

[ AiJ[X] = constant = solubility product. 

Obviously, the solubility of t he silver halide can be increased by 
reducing the active concentration of either or both of the ions. 
This is done by the formation of complex ions. If the complex 
ion has a very low dissociation factor, the silver ions will be 
removed from the field of action as rapidly as they are formed, 
with the result that the solubility of the silver halide is greatly 
increased. 

The ultimate or basic criterion fo r the efficiency of a fix ing 
bath is its stability, the reciprocal of the dissociation of the silver 
complex ion formed. Thus, if the complex ion dissociates ac
cording to the equation 

then, 
AgM ;::! Ag + l\1:~ 

[Ag][JVI] ~ K' 

[Ag J\1] ' 

where K' is the ionization constant. Its reciprocal value gives 
the stability constant of the fixing bath, K": 

_!_ ~ [Ag JVI] ~ K". 

K ' [Ag][J\~f] 
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T he higher t he value of K", i.e., the lower t he ionization con
sta.nt, the higher the total silver concentration required to pro
duce a given silver-ion concentration and the more soluble the 
sil ver halide. If several complexes arc formed by the fixing 
agent, t he stability of t he least dissociated complex will dctcr
.mine the s tability of the fixing bath. To insure complete solu
tion of different silver salts, the stability constant of the fixing 
agent must be higher as the solubility product of the salt is lower. 
T hus, potassium or sodium cyanide is required to dissolve silver 

. sulfille, t.he least soluble of silver compounds, a nd it is !;Cell from 
the following table, quoted from Bodlii.nder,I that the complex 
silver-cyanide ion is the most stable. 

TABLE LIII 

ST.~DILITY CoNSTANTS ~·on S11.n:n Co~n'L~:x ~:a 

Por,w/ltof Condition ConceTUrrtlio~t t.imit 
Cumpk•zlon EkctrU:ally ufPrec Anioll K" 

A~(Sj}~)~ Anion Bdow 0.1 N 0.98 X 101~ 

A~(H~O~)~ Anion Abovr 0.5 N 3.45 X 10" 

Ag(CN)~ Anion Urukr 0.05 N o.u x w= 
Ag.J~ to AgJ~ Anion I ndefinite 7.7 X 10" 

Ag(CNS): Anion Below 0.2 N 6 X Hl' 

All:(CN§h Anion Above 0.3~ 1.5 X Hl' 

All:(X I·l.i. Co.tion 0. 15 X 10" 

A considerable number of materials form complexes with silver 
ions, some of wh ich have stability constants sufficiently high to 
a llow t hem to function as fixing agents for photogmphic emul
s ions. However, in addit ion to dissolving the silver halide, the 
fixing agent must form complexes which are stable upon dilution 
so that they will not deeompose during washing. Also, the 
fixing agent :-hould not attack the gelatin of the emulsion or 
affect t he sil ver grains of the developed image. 

Among the many silver solvents may be mentioned the sodium, 
potassium, and ammonium thiosulfates and thiocyanates, sodium 
and potassium cyanides, sodium sulfite, ammonia, t hiourea, thio
s inamine, lmd COJ1centra.ted potassium iodide. Of these, how
ever, all but the thiosulfates and cyanides arc impmctical either 
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because of their high cost or from failure to meet one of the 
requirements mentioned above. The cyanides are objectionable 
because they are extremely poisonous, and in practice thiosul
fates, particularly sodium thiosulfate or " hypo," are used almost 
exclusively as fixing agents. 

The reactions between sodium thio:;ulfate and the sil ver ha lides 
are given generally in the photographic literature and textbook:; 
as the following equations : 

2 AgX + Na:Sz03 -. Ag2S20~ + 2 NaX, (1) 

Ag2Sz0 3 + NazS20.~-. Ag2S203· Na2S203, (2) 

Ag2~03 · N a2820 3 + Na28z03 -. Ag2S203 · 2 N a28203. (3) 

These arc based upon analyses of compounds first isolated by 
Hcrschel.2 However, as Bai nes~ points out, the presence of 
silver cations in any appreciab le amount would result in the for
mation of silver sulfide, since its solubility product is extremely 
low and a sufficient concentration of sulfide ions is produced by 
a slight decomposition of the thiosulfate. The existence of 
double sal ts is very unlikely, therefore, and the products of 
equations (2) and (3) could be present on ly as complex salts, 
with the silver as part of the complex ion. Instead of equation 
( I), Baines proposes 

AgX + Na2S203 -. NaX + NaAgS20 3. (l a) 

The formation of complex ions was investigated, by means of 
e.m.f. measurements, by llodliinder, 4 who deduced the following 
fonnulas: 

Ag(s,o,f , 
Sheppard ;; gave the ionic equations for the formation of these 
complexes : 

Ag + SzO; -;:= AgS20 ;, 

AgS:o; + 8:0 ;-;:= Ag(8:JO;f2~ 

Ag (S20 ;)2- + SzO; -;:= Ag(S;O~);. 

(4) 

(5) 

(G) 

Baines emphasized that silver cations would immediately dis-
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appear through the formation of these complexes in excess thio
sulfate. E quat ion (4) corresponds, therefore, to equation (I a) 
and not to (1). Equation (2) can be regarded as identical with 
equation (la) by producing 2 NaAgS20 3• None of the ionic 
equations corresponds to equation (3). 

Many investigators have attempted to isolate the various 
double salts of ,.,odium silver thiosulfate or, as they may more 
properly be called, the sodium sa lts of the argcntothiosulfuric 
acids. The results indicate the existence of a considerable num
ber of these compounds, and in Table LIV are listed those for 

TABLE LTV 

AroenWthio-
~uJJare iun Reference 

Ag.S.Oo Insoluble (6) 

NaAgS.Oo Sligiltly soluble AgS.O~ (7) 

Na,Ag,(S.Oah Ag;{SI};)~ (8) 

~o.,.Ag,(S,O,), Easily &>lublc Ag,(S~:)~ (3) 

~u,Ag,(S,O,), Easily &>iublc Ag,(s-;6;)~ (9) 

Na,Ag(S,O,), Ag(S.O~); (4) 

Na.s,o, 

the existence of which there is apparently reliable evidence. 
Probably all of these occur as hydrates, but owing to uncertainty 
as to the number of molecules of \Vater combined with each form, 
only the formulas for the anhydrous salts arc listed. 

It is doubtful whether all of the ions mentioned actually exist 
in solution. As stated above, BodHinder 4 deduced the presence 

of the AgS20~ and Ag(S2cia)~ ions as well as the Ag(S~03)~ ion, 
of which no so lid salt has been isolated. Hunger 10 deduced the 

presence of Ag2 (S:l)3)~ in thiosulfate solutions saturated with 

AgCl, and both .A g2(S203)~ and Ag(S20~)~ in similar solutions 

saturated with AgBr, but only Ag(S263)~ in solutions with Agl. 
Baines Jb isolated monoargentomonothiosulfuric acid, HAgS20a, 
in the crystalline form. He did not isolate the acid H bAg:s(S20 3)4, 
but he advanced strong arguments for the existence of the ion 

Ag3(S~03): in solution and concluded from other experiments 
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that the acid is stable in dilute solution but unstable in concen-
trated solution. 

Other important investigations on the sodium silver thiosul
fate complexes have been made by Spacu and Murgu lescu, 11 

Brintzinger and Eckardt, 12 and Bassett and LemonY The last 

Fw. 137 . . Phase-rule diagram of the silver thiosulfate-sodium 
thiosulfate-water system. 

named have investigated the system Ag2S20a-Na2S20r-H20 
at 25° C., and express the results in the form of a phase rule 
diagram (Figure 137). T hey are of the opinion that only 
the following sa lts exist in contact with solut ions of suitable 
composition: (1) Na3Ag(S20a)22H20, readily soluble in water; 
(2) Na~Aga(Sz03)~ 2H20, readily soluble; (3) NaAgS20 3 H20, 
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spa ringly soluble; and ( 4) N aAg3(S203h H,O, very slightly soluble. 
They give evidence a lso which indicates t hat no salt richer in 
silver than NaAga(S20Jh is present in thiosulfate solutions. 

It seems probable t hat a mixture of the various ions in equi
li briu m with one another exists in any given solution and that 

·t he composition of the solid compound precipitated from the 
solution is dependen t upon the condit ion and means of precipi
tation. In view of the great excess of thiosulfate, it is probable 

. that practical ly a ll of t he dissolved sil ver in a fixing bath exists 
as highly thiosulfatcd complexes. 

T he published data on the solubility of the sil ver halides in 
thiosulfate solutions, again, show considerable variations. This 
is not surprising in view of t he demonstrated dependence of the 
solubility on particle size a nd other fac tors difficu lt to control. 
A redetermination of these solubi li ties is very desirable. The 
values given in Table LV are those obtained by Valenta 14 and 
Busch. 1r' 

TAI3LI~ LV 

Cm!Cf'1!{rll/ion 1 ('TTam A nhydrmu Thi()trulfate Dissoh'C~ 
(Grams per Liter Valenta IJUIICh 

of Wutcr) A gCl AglJr Agl AgCl Ag/Jr A gl 

10 0.635 0.555 0.0524 
;".>() 0 .600 0.627 o.04n5 0.503 0.52ii 0.0.13 

100 0.70S 0.004 0.05 1.'\ 0.51i2 
150 0.677 0.508 0.0481 0.491 0.038 
200 0. [,1;) 0.546 0.0565 

The ratios between the chloride, bromide, and iodide are 
approximately t hose to be expected in view of the relations 
between the respective solubility products and the fact that the 
complex ions undergo a slight dissociation, producing a few free 
sil ver ions. The concentration of t hese free ions is proportional 
to that of the complex ions and inversely proportional to that 
of the execs.;;;; t hiosu lfate ions; it is definitely li mited by the con
centration of halide ions a nd the solubility product of the corre~ 
sponding sil ver halide. I n this manner, the tota l concentration 
of sil ver for a given th iosul fate concentration is limi ted by the 
nature and concentration of t he halide ions present. This has 
been demonstrated by several investigators,9 ·H' who ~bowed that 
an excess of the halide ion deprc~scd t he solubili ty of t he silver 
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halide. • Since the majority of photographic emulsions contains 
mixtures of the sil ver halides, the effect of them upon one 
another, as evidenced by the solubili ties of mixtures, is of impor
tance. BUsch 15 investigated this point and found that, in mix
tures of silver bromide and silver chloride, the decrease in 
solubility varies directly with the bromide concentration, or the 
solubility shows a linear va riation as the proportions are varied 
between pure chloride and pure bromide. In mixtures of either 
of these salts and silver iodide, on the other hand, the presence 
of a small percentage of iodide greatly depresses the solubility, 
while an increase in the iodide concentration has proportionately 
less effect. 

In practice, the life of a fixing bath is definitely limited to a 
silver halide concentration considerably below that required for 
saturation because of the tendency of the complex si lver salts 
to become adsorbed to the gelatin or si lver grains of the image. 
These adsorbed complexes are not readi ly washed out and so 
remain in the film, where they later decompose and cause stain. 
The tendency for the complex salts to be adsorbed seems to be 
greater in acid than in neutra l baths so that in fixing power acid 
baths a re Jess efficient than plain solutions of thiosulfate. Prac
tically, this is of little importance because other factors, such 
as an increase in the time of fixation or the loss of hardening 
properties, usually terminate the usefulness of the bath before 
this concentration is reached. 

Thiosulfate, to some extent, will attack metallic silver, espe
cially if it is in a very finely divided form. Thus, the image of a 
print will be attacked by an aerated iixing bath, especially if the 
pH is low.'&a This was shown by Eggert and Noddack/66 who 
greatly decreased the effect of thiosulfate on the image by t he 
addition of a lkali. In post-fixation development, this effect is of 
primary importance (Chapter Vl U, p. 307). The attack on 
silver appears to be due to dissolved oxygen. The maximum 
rate of reduction is obtained in a 5 to 10 per cent concentration 
of the sodium thiosulfate (N!V.!S,20 3·5H20). The oxidizing agent 
could a lso be su lfur dioxide, which is present in highly acid 
sulfite solutions and wh ich may form complex compounds .with 

*Thill ill true until relatively high conccntrMionsof the halido ionsarerc,..,hL'<i; they 
then incre>U!Il tho 110lubility owing to tho formntion of complex si lver halide ion~. 
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the constituents. Whether t he format ion of such compounds is 
only incidental or is essential to the reduction is not definitely 
established. Chemical :;tudies of the oxidizing properties of 
sulfur dioxide in acid solution toward multivalent clements, such 
as iron, copper, mercury, and molybdenum, have been made by 
Smythe and Wardlaw 17 and collaborators, and also by Carter 18 

and others. I t appears that in such reactions t he sulfur under
goes reduction to a lower valence state which may be analogous 
to the formation of hydrosulfite (as in Na~$204). 

If t he silver is remoyed from a negative by means of an oxi
dizing agent, such as ferricyanide and bromide, followed by 
fixation, a faint image remains. This was shown by Lumiere 
and Seyewetz 19 and LOppo-Cramer 2<l to consist of silver sulfide. 
H.oss and Crabtree 21 found that the addition of sufficient iodide 
to the fixing bath avoided the production of the silver sulfide 
image upon reduction of the washed film in Farmer's reducer. 
It can be shown that this regression of the silver sulfide image is 
progressive as the concentration of iodide in the fixing bath is 
increased. Reindorp 21: investigated t he origin of the silver sul
fide and found that silver chloride emulsions gave t he residual 
image, while some silver bromide emulsions did not. He identi
fied t he residua l image as silver sulfide and found that the 
Hickman-Weyerts method of optical intensification (Ch. X IV, 
p . 555) with sodium-silver sulfite solutions gave deposition on 
the residual image. He attributed the formation of the silver 
sulfide to the instability of the sodium silver thiosulfate com
plexes rich in silver and concluded that the silver sulfide was 
formed during fixing. His explanation cannot be regarded as 
conclusive, Out the tendency toward silver sulflde residua l images 
see:ns to be closely related to the solubility and rate of solution 
of the silver ha lide. 

RATE OF FIXATION 

In the solubility investigations, the determinations were made 
not with photographic emulsions but with the silver salts alone. 
' Yit h actual emulsions, the rate of fixation is of much more 
pract ical importance than the total solubility of the silver halides 

·and is affected by a number of other physical and chemical 
factors. T his is obvious if the three main steps of the process 
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are considered: (1) The diffusion of the fixing agent in to the 
emuh;ion, (2) t he solution of the silver halide grains, and (3) the 
diffusion of the complex silver-beari ng ions from the emulsion. 

Sheppard and Mees 23 in
vestigated the effect on the 

·rate of fixation of a number 
of factors, such as COIH~en

tration of the bath, rate of 
stirring, and hardening of 
the emulsion. Their results 
showed that the rate is gov
erned by the physical proc
esses, such as diffusion, rather 
than by the much more rapid 
chemical reaet.ions. The 
course of the fixation reaetion 

!, 
II, .. 
;3 

!' 

Fro. 138. Velocity curve of fixation . 

was followed by determining photometrically the sol id silver hal
ide remaining in the emulsion at various times throughout the 
course of fixation. To prevent darkening of the emulsion during 
measurement, a yellow filter was used to cut off the blue and 
Violet light. If Do is the original density and D that at any timet, 
1 - D/ D0 is the fraction of the total silver halide dissolved; and 
this plotted against time gives the velocity curve of fixation. 
The results for the various concentrations of thiosulfate, much 
lower than those used in practice, are given as curves in Figure 

138. If x is the amount of silver bromide dissolved, 1Jf increases 

at first and then becomes constant, i.e., * = F, or, integrated, 

x = Ft + B if the rate of solution is constant. F is the slope 
of the straight-line portions of the curves and B the intercept of 
the straight-line portion (extended) with the t ime axis. Table 
LVI shows that F is directly proportional, and B inversely pro
portional, to the concentration. The presence of N/10 potas
sium bromide was found to have no influence on the rate of 
fixation. This concentration of bromide ions is not large enough 
to compete effectively with the much greater tendency of the 
silver ions to form complex ions with thiosulfate and could not 
affect the equilibrium concentration of the silver ions in solution 
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TABLE LVI 

Concenfrotiqn 
As Grom3 pt:r ,. 

No.s/), Litero/Thio- 8 
c 81.1/j<W:(Apprux.) ,. c (Minutes) BXC 

0.20M 50 7.3 36 • 0.8 
0.101\1 25 3.5 35 9 0.9 
0.05 i\1 12.5 1.8 36 18 0.9 
0.04!\I 10 1.5 37 23 0 .9 

aml, ·conscquently, the rate of solution. But the mte of solution 
would also be affected if the establishment of equilibrium for 
complex-ion formation were slow compared with the instantane
ous adjustment between silver ions and bromide ions. The 
silver-ion concentration and, accordingly, the rate of solut ion, 
would then be determined as follows: 

and the rate of solution would be inversely proportional to the 
bromide-ion concentration. Since both the reactions in solu
tion occur instantaneously, the rate of the reaction is determined 
by t he heterogeneous factors: the dissolving power of the solu
tion, the surface of the solute, and the diffusion of the compo
nents. This is expressed by the equation 

in which Sis the surface of the solid substance; D, the diffusion 
coefficient of the reacting salt; d, the diffusion path; a, t he 
initial concentration; and x, the equivalent of solid dissolved in 
time t. If a is large with respect to x, as in fixation, this will 
become 

dx a·D·S 
dt = k-d- =constant, 

as found experimentally. The increase of~ in the first stage 
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of fixation is explained by Sheppard and Mees by the fact , 
observed microscopically, that the surface layers of the emulsion 
are somewhat poor in halide, probably in consequence of sedi~ 
mentation, assisted possibly 
by surface-tension phenomena. 
Sheppard has since suggested 
that swelling, by changing the 
diffusion path d, may have 
some effect. 

All of these results were ob
tained while the plate remained 
motionless in the solution. If 
the diffusion velocity is a con
trolling factor in the rate of fix
ation, stirring of t he solution 
should increase it. This was 
found to be so, as shown by 

FIG. 139. Effect of st irring on the 
rate of fixa.tion. 

Figure 139, a.nd the induction period is shortened also. Aft.cr 
some t ime, the rate apparently becomes proportional to the tot,al 
mass or density of silver halide present, fixation following an 
exponential function 

;li' ~ k(a - x). 

Warwick,2 ' using a colorimetric method to determine the 
amount of silver reaching the external solution during definite 
time intervals, also concluded that the action follows an exponen~ 

tial form or t hat, during equal intervals throughout its course, 
the fixation removes a constant fraction of the silver halide 
present a t the beginning of the interval. 

These methods made it possible to follow the course of fixation 
and thus to discover the nature of the reaction and the con
trolling factors. In practice, however, the greatest interest lies 
in the determination of t.he time required to complete the fixation 
of a mat.erial with a given concentration of sodium thiosulfate 
and, in the determination of the optimum concentration, to give 
complete fixation in the shortest time. This can be done quite 
easily by measurement of the clearing t ime or that required for 
the disappearance of the last visible traces or the silver halide. 



520 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

In most of the work done on the rate of fixation, only this value 
has been determined. 

The clearing t ime, or the practicnJ rate of fixatiou, i::; affected 
by the following f~u.:ton; and probably by others more obscure : 

l. Nature of emulsion . 
2. Thiosulfate eoncentratiorr. 
3. Nature of the thiosulfate cation. 
4. Temperature. 
5. Agitation. 
H. Degree of exhaustion. 
7. Presence of other salts. 

1. Nature of Emulsion 

The cleuring time val'ics to some extent with the silver halide 
content of the emulsion and t.he composition or the ha lides ancf 
is vcr·y dependent on the gmin size, being much shorter for fiue
gmin than coarse-grain emulsions because of the much gren.ter 
total area of the f'ine grains. This is illustrated in Figure 140, 

10 
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Fro. 140. Clearing timCII for motion-picture negative film above and 
positive film below. 
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whe•·e the curves for motion-picture positive fi lm are for a com
paratively fine-grain emulsion and those for motion-picture nega
t ive nrc for a moderately coarse-grain emulsion. The clearing 
time varies a lso with the mean diffusion path in the emulsion 
a nd so is longer for thick emulsions t han for thin ones. 'l'he 

' hardness of t he gelatin has very little, if any, effect. Sheppard 
and 1\{ces Z1 could find no difference between an emulsion which 
melted at 105° F. and one hardened in formalin until it did not 
melt at 2 12° F. and, from a comparison with other diffu::;ion 
proccs...es, showed that this is to be expected. 

2. Thiosulfate Concentration 

A number of investigators have studied the effect of thiosulfate 
concentrat ion on the clearing time. The curves in Figure 140, 
from Crabtree and Hartt/" and Figure 14 1, from Sheppard, 
E lliott, and Sweet,• itre typi-
cal of the result-s obtained by 
these invest igators and by 
P iper,26 \Varwick,Z' Rcnwick,27 

Stmuss,28 and others. T he 
published data are remark
ably concordant, considering 
the differences in emulsions t:l "' 
and other experimental con- ~ 40 

dit ions. As t he curves show, o:: .. 

at low concentrntions the ~ ~ 
ele:tring time is fairly long 
but decreases rapidly with in
crease in thiosulfate coneen
trat.ion up to a ccrt.a in opti-
mum value, beyond which the 
clearing t ime hegins to in
crease. For East.man .Motion 
Picture Panchromatic Nega.-
t ivc film, this minimum oc

FIG. 141. Effect of thio;;ulh tc con
centration on the dearing t ime. 

curred at a concentration of 40 per eent thiosulfate, while with 
Eastman Motion Pictme Positive film it occurred nt30 per cent. 
Sheppard ~ considers that the cxist.enee of an optimum con

ccutmtion (for least time of fixation) is due to the point of 



522 THE THEORY O F THE PHO TOGRAPHIC PROCESS 

balance between increase of diffusion velocity with concentration 
and decrease of swelling of gelatin with concentration of the 

n thiosulfate solution, as shown 
in F igure 142. ::, 

~s \C 3. Nature of the Thiosulfate 
50)~ 

~: s 
Cation 

:: ~ rec~~~~~~~:~: :,~:~s~~i:l=~~ 
monium thiosulfate in place of 
sodium thiosulfate because of 

cc~~r~;tJ:,;~n ~~cc~~v~~;~~o:~~f~l~a~f:; its more rapid and thorough 
time. act ion. I n 1914, P iper 3o 

investigated the rates of 
fixation with ammonium, sodium, potass.ium, and calcium 
thiosulfatcs, and found \Vide variations in the optimum con
centrations aud in the clearing times at the optimum concen
trations, as shown in Table LVII. It is to be noted, however, 

T ABLE LVII 

Clearing Time Optimum Clearing Optimum 
50% 15% at 57" /<'. Molar 

Thioouljalt: Sulution Solution Time c~. Cone. 

Calcium 4min. 55% 2.1 
So<limn 2~ min. Gmin. l min. 55 sec. 40% 1.6 
Po taSHium 4min. 30% 1.4 
Arnnu>nium " min. 1 min. 20 ~cc. l min.20 :sce. If•% 1.0 

tha t when the weight percentages are converted to molar con
centrations of t hiosulfate, the optimum concentrations become 
much more nearly equal. Unpublished data obtained in the 
Kodak Research Laboratories confirm this, indicating that for 
lithium, ammonium, sodium, potassium, and calcium thiosul
fates, the optimum concentration~ lie between 1.3 and 1.8 molar, 
apparently varying as much with the type of emulsion as with 
the thiosulfate used. Wide differences in the optimum rates 
were observed for the various thiosulfates. 

Because of its more rapid action, a number of investigations 
have been made on t he use of ammonium thiosulfate and the 
addition of an ammonium salt, such as ammonium chloride, to 
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hypo (sodium th iosulfate) solutions. Lumiere and Seyewetz 31 

found that, if ammonium chloride equal to one fourth the weight 
of hypo was added to a 15 per cent hypo solut ion, the clearing 
time is considerably shortened, while additions to a 40 per cent 
hypo solution extend the clearing time. They also investigated 
the stability of the complexes formed when silver bromide is 
dissolved in solutions of hypo containing ammonium chloride 
and found that, in the dry state, these complexes were less stable 
to light than those formed with plain hypo solutions. They 
concluded, therefore, that an image fixed in a solution containing 
ammonium chloride might be more likely to discolor if it was 
improperly washed after fixation. This has been generally mis
interpreted by later writers as proof that images fixed in ammo
nium thiosulfate or hypo containing ammonium chloride are less 
stable than images fixed in plain hypo. E xperimen ts in the 
Kodak Research Laboratories . 
show that this is not the case. 

Piper 32 also investigated the 
effect of adding ammonium chlo
ride to hypo solu tions of various 
concentrations and obtained the 
curves shown in Figure 143. I t 
is evident that the clearing time 
is least for a concentration of 

~ 
~ IOH-+++-HH+-H 
• 

ammonium chloride very consid- ~ A 
erably lower than that required ~ 5Hrl++-1Z,;<;,±"'"'"'"-"~';;-i 
to convert all the hypo to am- j 
monium t hiosulfate. LumiCrc 
and Seyewetz 33 concluded that 
the addition of ammonium chlo-

O\TH\05ULFA.TE 

ride accelerates the rate of fixa- ~A. c~T ~>MMOW.IUM CHl.ORIDE ADOEo 

tion only with emulsions con- Fra. 143. Effect of ammonium 
taining silver iodide, but other chloride on the clearing t ime. 
investigators 1t.· 34 have found 
that ammonium t hiosulfate gives more rapid fixation even 
with pure bromide emulsions, though the advantage is greater 
\Vith emulsions containing silveriodide. Similar effects have been 
found with other ammonium salts, but the chloride has been 
used in most investigations. 
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4. Temperature 

T he temperatu re of t he fixing solu tion has a decided effect on 
the clearing t ime. The magnitude of t he effect is a w onounced 
fun ction of the concentration, being a minimum for the most 
rapid-\vorking concentrations and becoming much greater for 
Concentrations much above or below the optimum. An increase 
of temperature has evidently a doub le influence, increasing the 
swelling of the gelatin and increasing the rate of diffusion . The 
Qptimum working temperature appears to lie between 60° and 
70° F . Below th is range, t he action is too slow, while above it 
the swelling of the gelatin becomes excessive. ' Vhcre te mpera
tures above 70° F. are unavoidable, it is desirable to add some 
age nt to repress t he swelling of t he gelatin. 

5. Agitation 

Since the rate of fixation is controlled by the diffusion in to 
the emulsion of the thiosu lfate ions a nd the diffusion out of t he 
complex silver-hearing ions, agitation increases the rate by sup
plying fresh solu tion at the emulsion surface and remo ving the 
producls ft·om the emulsion surface. This is shown in the follow
i'ng table: 

TABLE J.VIJI 

En"ECT m· AGlTA1'10N ON T1~1F. TO Cu :..ut AT G5o F. 

Agitation c,mtinll- Brush 
1/ypa Na E•"'ry SO Trral-
Cm.c . NalureafFilm Agitati011 Secaruls ArJitatiM 

35%~ Jo:a,;trnan Panchro-
matic Negative 120!lCC. 120 sec. J();jsec. 90 .o;ec . 

3.'">% Ea.strnan i\lution-
Picture Po.~itive 35 scc 3."i scc. 3Q HCC. 

10% Ea~tm:111 M"tiun-
Picture Positive Jt.Oscc. 120sec. 90 ,;cc. 75,;cc. 

• Cryotnlli~e thi'""tfat<: """".,,..,d. ,\ :Jf> t••r '""t oolutio n "''"' prctmrc,[l .y di-.oh·ing :l-5 gram• in 
w!l.ter!l.nd Rtlthn~tW"-l<"tO"'"ke lOOcc.ofoolution. 

The effect is seen to be more pronounced for the more dil ute 
solutions. If the bath is not agitated, the position of t he film in 
the bath has considerable effect because the differences between 
the specific gmvities of the fresh solution nnd the reaction 
products can, in some positions, in(hwc strong convection cur
rents which sweep the emulsion surface. 
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6. Degree of Exhaustion 

As a fixing bath is used, a number of changes take place in its 
composition . In the first place, hypo is consumed by the forma
tion of the complex si lver salts which, with the sodium halides 
resulting from the reaction, accumulate in the solution. Also, 

' since a small volume of water or developer is carried in by the 
emulsion of each film while hypo solution is carried out, during 
the li fe of the bath a relatively large quantity of wat-er is added 
and the solution becomes correspondingly diluted. For the 
usual baths, in which the initial hypo concentration is just below 
the optimum, all these effects tend to increase the time of fixa
tion, wh ich, therefore, increases fairly rapidly with use and 
becomes cxccs."'ive before the actual silver content of t he solution 
is high enough to threaten subsequent discoloration of the film. 

7. Presence of Other Salts 

The effect of the addition of certain neutral salts to the hypo 
solution has been noted by a number of investigators. In high 
concentrations, added salts may act as retardants; but in low 
concentrations some act as accelerators. Except for ammonium 
.chloride, however, which has been discussed, the degree of accel
eration is comparatively slight. The salts of most practical 
interest are the sodium ha lides, since they accumulate in the 
:;olution as by-products of the fixing reaction. Strauss found 
that sodium chloride a.ct.s as an accelerator, while sodium bro
mide ha.s some retarding action, although Sheppard and IV!ees 
had not detected it at low hypo concentrations; and sodium 
iodide has a powerful retarding action. Since practically all 
emulsions, except paper emulsions, contain a small percentage 
of sil ver iodide, its effect is of great importance in the most effi
cient utilization of fixing baths and the re-use of desilvered baths. 

Tl i\IE FOH COMPLETE FIXATION 

Since the ill effects of incomplete or faul ty fixation appear only 
after storage of the image for a considerable time, the importance 
of proper fixation is ofte n overlooked. This very fact has made 
it difficult also to determine the point at which fixation may 
be considered eompletc. The old photographic rule-of-thumb 
a.xiom is that fixing is complete in twice the clearing time. The 
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findings of ' Varwick 21 and others indicate t hat this has experi
mental justification since, at the point of clearing, they found 
approximately 5 per cent of the original silver ha lide still in the 
emulsion. This, they consider, would be sufficient to cause 
trouble later, while at the end of twice this time there would be 
only 5 per cent of this quantity, or 0.25 per cent. On t he other 
hand, LumiCre and Seyewetz,a~ using the sensitive sulfide test, 
found thnt thorough washing removes aU silver from the emul
sion if fixation is stopped at the moment that all visible traces 
of the silver halide have disappeared. This result has been 
confirmed by :;cvcral others,36 using widely varying experimental 
methods. 

However, when either plain or acid hardening fixing baths of 
increasing degrees of exhaustion are used, t horough washing does 
not remove all silver from the emulsion if fixation is s topped 
when all visible t races of the silver halide have apparently dis
appeared even if the t ime of fixation is increased several times 
over the time required for disappearance. This apparent mor
danting of silver ions by the gelatin may be overcome by the 
use of a second fresh fixing bath following the partially exhausted 
bath. 

I n the case of paper prints, iL is necessary to increase t he time 
of fixation greatly beyond double the Lime required for clearing, 
because in a partially exhausted fixin~ bath the complex silver 
thiosulfates are apparently mordanted to the gelatin or paper 
fibersu and are not readily removed by subsequent washing 
unless the print is thoroughly fixed. The practice of trans
ferring the prints to a second, fresh bath aids in washing the 
print free from silver salts. 

USEFUL LIFE OF FIXING BATH 

As mentioned, the useful fixing capacity of a hypo solution 
cannot be measured directly by the solubility of silver chloride, 
bromide, or iodide in the solution. Long before the silver con
centration has reached saturation, it is high enough to cause 
trouble from incomplete removal of the sil ver compounds from 
the gelatin during washing. These silver complexes, which arc 
apparently adsorbed to the gelatin, may subsequently decom
pose, causing discoloration of the image and staining of the film. 
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It is of importance, there(ore, to know the point at which a 
fixing bath becomes unsafe to use. 

LumiCre and Seyewetz 8 investigated this problem by dissolv
ing various quantit ies of silver bromide in thiosulfat.c solutions, 
moistening strips of filter paper with them, and exposing the 
.strips to light and air for several days. If t he paper discolored, 
the bath was judged to be unsafe. By this method they ob
tained the following results: 

TABLE LIX 

E t•)•t:CT OF CONCKSTR.~TION ON USEFUL LIFE OF FiXDIG BATH 

SolutiQn 

5% Hypo 
15% llypo 

:~~ ~;:: l 
L5'7c, lli.sulfite Li.qunr 

1.'">% H ypo 
Ul% Brsulfitc LnJUor 
0.5% Aium 

Silver Rromide Di>l~olL¥:d 
in lOOr.c. 

IVitlwut 
Subsequent 

Saturated Stain 

2.0grams 
6.3gramH 

20.5 granu; 

6.1 gram~ 

5.9gram~ 

1.25grams 
3.8 grams 
5.0 grarnt~ 

J.65grams 

2.20 gram~ 

ErJiliL'(Jlc,UNumber 
ojNcgil. (.9by11!cm.) 

f'iud by 1 /Ala 
JVitlwut Su~quent 

Sl4in 

33 
100 
133 ., 
60 

Later, using t he sensitive sulfide test to detect silver, they 35 

found that a 20 per cent solution of hypo could tolerate only 
20 grams of silver bromide per liter, the amount contained in 
approximately 5000 square centimeters of a nega tive film mate
ria l. If the quantity of silver bromide was greater than this, 
longer treatment in the bath did not remove the residual silver, 
but t he use of a fresh bath effected complete removal. At this 
concentration of silver bromide, the clearing time was 9 minutes 
compared with 4 minutes for the fresh bath. ' 

THE ACID FIXI="l"G BATH 

Inasmuch as the transfer of photographic material from the 
developer to the fixing bath carries considerable amounts of 
alkaline developer into the fixing solution, the latter soon be
comes discolored with oxidized developer and st.a.ins t he gelatin 
layers of the films and papers used. To prevent this and to 
arrest development rapidly after the material reaches the fixing 
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bath, it is desirable to use an acid solution of thiosulfate. Un
fortunately, thiosulfate is unstable in the presence of acids, 
depositing sulfur, but this reaction can be prevented by the use 
of sulfite in the solution. An acid fix ing bath therefore contains 
thiosulfate, a weak acid, such as acetic, a nd sulfite. Lainer's 
theory 38 of the acid fixing bath, based on preferen t ia l decompo
sition of the sulfite and assumed formation of acid salts, does 
not appear adequate. A more satisfactory explanation of the 
.protective action of sulfite is derived from the physical chemistry 
of the decomposition of thiosulfates by acids. 

Landolt,~ in a paper on the " Time of Existence of Thio
sulfuric Acid in Aqueous Solutions," concludes among other 
things that: (1) The nature of the acid employed does not affect 
the decomposition and (2) the time of stability is independent 
of excess of thiosulfate or acid. He considers that the "life 
period " of thiosulfuric acid is measured by the interval between 
the addition of an acid solution to thiosulfate and the first 
appearance of a sulfur cloud or opalescence. 

This induction period was made the subject of a n extensive 
investigation by von Oettingen.~0 He did not accept the con
ception of a definite " life period" of the thiosulfuric acid M the 
cause of the induction but regarded it as due to a supersaturation 
of t he solution wit h sulfur, which he supposed to pass through a 
metastable limit before precipitation occurred. He a lso con
sidered that the reactions were between ions, the actual reaction 
taking place between the thiosulfate ion and the hydrogen ion 
from the acid according to the equation 

(7) 

According to t his, neither the sodium ion nor the acid anion 
takes part in the reaction; t hus, the nature of the acid does not 
affect the decomposition unless it has a different dissociation 
constant. The concentration of the acid, however, has a marked 
effect, as von Oettingen, contrary to La ndolt, found. The in
hibiting action of sulfite for the decomposition of thiosulfate, 
according to von Oettingen, is due to the fact that the reaction 
is reversible; so that the action of sulfite is due to its mass action 
in increasing tho reverse .reaction. Qualitatively, this agrees 
with the production of thiosulfate from sulfite and sulfur. In 
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attempting to determine the equilibrium conditions for this reac
tion, Colefax ~ • found that disturbing side reactions occur; e.(J. , 

2 Na28203 + 3 S02 = 2 Na2SaOG + S. (8) 

Foussereau 42 followed the decomposition by conductivity 
·measurements. For dilute mixtures of thiosulfate and acid , the 
curves showing the change of conductance with time ha ve de
cided inflection points . This he attributed to supersaturation 
of sulfm and autocatalysis by primary sulfur nuclei. He con
firmed this by abbreviating the induction by the nddition of 
partly decomposed solution~. 

The fact. that in acid decomposition thiosulfate does not change 
quant.ita.ti vely to sulfite a nd ~Sulfm is shown by the fact that 
t he iodine titration value, which should double for complete 
react ion, actua lly only increases by 80 or 85 per cent. It was 
shown early that small quantities of polythionates are formed.43 

Bassett and Durrant,4~ after extensive experiments and a com
prehensive consideration of the results of other investigators, 
in a paper on "The I nter-relationships of the Sulfur Acid.s," 
concluded that t hiosulfurie acid, in the range of acidity encoun
tered in fixing baths, decomposes in two vmys, according to the 
equations 

a nd 
(9) 

(10) 

Since sulfurous acid is much weaker than thiosulfuric acid, 
both of these reactions correspond to a definite decrease of 
hydrogen-ion concentration in proceeding from left to right. 
They tend to occur in acid solution, therefore, and to be reversed 
in alkaline solution. Normally, reaction (9) occurs to the greater 
extent, reaction (10) proceeding much more s lowly. The authors 
consider that t.he hydrogen sulfide immediately reacts wit h excess 
sulfurous acid , with eventual formation of sulfur. Also, part of 
the trithionat.e formed by reaction (10) probably reacts with the 
sulfu r to form tctrat hionatc and pentathionate. The inhibiting 
action of sulfite in acid solution seems, therefore, to be due to 
its mass action effect in reducing the velocity of the reaction to 
t he right in equation (9) , thus a llowing the products of the 
much slower reaction (10) more chance to react with the sulfur 
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formed, and thus keeping its concentration longer below the 
precipitation limit. The precipitation of the su lfu r is probably 
determined to a considerable extent by colloid chemical consid
eration~, such as the influence of the electrolytes present on the 
stability and coagulation of the sulfur hydrosol. 

CONTROL OF HYDROGEN-ION CONCENTRATION 

It is evident from the considerations discussed that, for a 
given quantity of sulfite, the desirable maximum of which is 
limited by several factors, there is a n upper limit to the per
missible hydrogen-ion concentration, beyond which the protec
tive action of the su lfite would be insufficient to prevent early 
precipitation of sulfur. On the other hand, the concentration of 
hydrogen ion must be above a certain lower limit for the hath 
to act as an acid fixing bath, preventing the formation of stains 
or dichroic fog by neutralizing the alkali of the developer. Also, 
if the bath contains alum or other hardening agents, the per
missible range of hydrogen-ion concentratiOn may be further 
limited by effects on the hardening action. A large total or 
reserve acid ity is desirable, however, so that the bath can neu
tralize a considerable quantity of developer solution and to avoid 
the necessity for discarding it long before its fixing power is 
exhausted. 

These ht'O conditions can be met only if the solution exhibits 
considerable resistance to change of hydrogen-ion concentration 
when it is subjected to gain or loss of acid or alkali.45 The 
magnitude of the buffer action of a given solution is determined 
by the interrelationships of the component compounds and their 
various dissociation products. It can be raised to considerable 
proportions over a given small range of hydrogen-ion concen
tration by the proper selection of compounds and adjustment of 
their concentrations. 

In a potassium alum hardening fixing bath containing boric 
acid,45 to prevent sulfurization on the one hand and sludging on 
the other, the pH should remain within the range of 4.0 to 6.5 
throughout its life. It is not essential that the bath be buffered 
over the entire pH range from 4.0 to 6.5, which would require 
the presence of several acids, each producing buffer action over 
portions of the pH range. 
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Theoretically, at least, the only CS!;cnt ia l for a satisfactory 
fixing bath is a high concentrat ion of an acid which docs not 
affect the ha rdening or sludging properties of the bath and 
which has a dissociation constant preferably between a value of 
3 X w-~ and 10~ and sufficient alkali or salt of the acid to 
,produce a bat h with an initial pH value greater than 4.0. A con
siderable number of acids within these limits can be found in 
tables of dissociat ion constants ; but , if practical and economic 

.factors a.re considered, acetic acid is the most generally useful. 

WASHING 

Washing operations are used in photographic processing to 
remove reagents which might affect later reactions adversely, 
and at the end of processing to eliminate all soluble compounds 
which might impair the stability of the photograph. The com
mon purpose of final washing is to remove the fixing salts which 
are contaminated with dissolved silver compounds in the form 
of complexes with thiosulfate. Failure to remove the silver 
compounds eventually causes stain in the highlights and un
exposed areas, while if thiosulfate and its oxidat ion product 
tetrathionate a re not eliminated, there will be a slow sulfurizing 
of the image on keeping. Effective ·washing is especially im
portant when photographs are to be kept as records. 

The t heory of photographic washing is treated in a number of 
papers, the most important being those of E lsden,46 Warwick,H 
and Hickman and Spencer.36b··1S 

Thiosulfa.te difTuses from a plain gelatin film during washing 
as from a layer of still water, with little resistance and without 
appreciable adsorption to the gelatin. If a silver image is pres
ent, there a.ppears to be relatively little adsorption to the silver. 
Several factors, however, affect the rate at which the thiosulfate 
diffuses from the layer, such as the use of a separate hardening 
bath or a fixing solution containing hardening agents, and tem
perature has a marked influence. The diffusing away of the 
t hiosulfate is a simple exponential process such that, as t ime 
progresses, the amount leaving: decreases geometrically. Stated 
in anot her form, the thiosulfate leaving at any moment bears 
a constant ratio to the quantity remaining in the film at that 
moment. The quantity of thiosulfate, M, washing out of the 



532 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

a film in a period oft minutes from the start is given by 

a:: ~ k(A - M ), 

where k is the elimination constant of the fi lm and A is the 
thiosulfate originally present, wheJJce 

A more convenient equation deduced from the ahove is 

k _ _ 1_ lo ( Concentration at time l1) 
~ l2 - t1 g Concentrat ion at time f2 • 

The concentration at times t2 and t1 may be found experimentally 
by analysis using (1) mercuric chloride for film and (2) sil ver 
nitrate in the case of printsY These methods measure quanti
tatively the amount of thiosulfate remaining in the film or print, 
respectively, and arc usually more accurate than the titration 
of the salt in the film with iodine or measu rement of the elec trical 
conductivity of the wash water itself. 

The experimental procedure for film is to place one square 
inch in 10 cc. of a solut ion containing 25 grams of mercuric 
ehloride and 25 gram.•s of potassium bromide per liter, leave the 
film sample in this for 15 minutes with frequent agitation, and 
compare the resultant turbidity with that produced in a series 
of standard solutions of thiosulfate in the reagent.49 The method 
is specific for thiosulfate and measures quantities as low as 0.005 
milligram per square inch. The silver nitrate test is described 
in the discussion on t he washing of papers. 

The numerical value of the constant k does not convey as 
much t o the imagination as the "half-period," i.e., the time 
required for the eoneentration in the film to diminish to one half. 
For emulsions coated on glass or film base, this varies between 
10 and 40 seconds for the most extreme varieties if washing is 
properly done. Emulsions on paper behave differently and are 
discussed later. If the half-period is, say, 30 seconds, in three 
minutes the salt content of the emulsion layer fall s to 2- 6, or 
less than 2 per cent of its initial value; in six minutes, to 2 per 
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cent of 2 per cent, which is four parts in 10,000, a very small 
quant ity. 

A time of six minutes contrasts strongly with the t ime of 
washing decreed by custom and the manufacturer's ins t-ructions. 
The d iscrepancy lies, of course, in the subsidiary factors of stir
:dng and water changing. 

The ideal formula for the rate of elimination presuppoSe!; that 
the thiosulfate diffuses from the gelatin layer into pure water. 
In pmctice, if a plate or film containing thiosulfate is allowed 
to rest undisturbed in a. tray of water, the thiosulfate will diffuse 
out and will form a layer of relatively high conccntmtion at the 
emulsion surface; this will .,;lowly pass into the bulk of the W<ltcr 
until such a concentrat.ion is reached that there is a bala nce, and 
some thio.<;ulfatc will remain in the layer. This concentration 
will naturally depend upon the volume of water·. Jt'or· the maxi
mum effectiveness of elimination, thcr·efore, there must be a con
stant renewal of fresh water at the emulsion surface. This is 
accomplished by t.he material being transferred to fresh water at 
frequent intervals or a running stream of fresh wat-er being used. 

It is desirable to examine the subject of exponentia l d ilution 
further. A vessel holding one liter, if drained of its contents, 
retains about 5 cc. wetting the sides. Refilling disperses the 
5 cc. in a second liter of fresh water, giving a concentration of 
1/ 200 of the original. If the vessel is drained a second time and 
refilled, the eoncentration will fall to 1/ 200 of 1/ 200, or one 
part in 40,000, in a manner exactly analogous to the washi ng 
of t,he emulsion. As the number of changes proceeds arith
metically, the concent ration falls geometrically, the factor in this 
ease being 1/ 200. 

Another· important example is t hat in which water enters t he 
vc&o;el continuously and flows to waste at the same rate, so that 
a constant level is maintained. In a hypothetical case, in whieh 
each particle of water as it enters is thoroughly mixed and 
stined with t hat in the tank, the dilution after the passage of 
t~ volume equal to that of the vessel i::; to one half. This is the 
natural rate of d ilution in any vessel to which the water is ad
mitted under sufficient pressure to give vigorous agitation. 
With the water-changing capacity of this theoretical system 
taken as unity, it can be compared with the factors of various 
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' washing devices used by photographers. In the case of a tray 
in a sink, with water entering at one corner, if the overflow is at 
t he point farthest from the feed, the factor is usually less t han 
unity. If the tray is tilted in the opposite direction, it will be .• 
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Fw. 144. Effect of tempemture on the elimination of thiosulfate from 
film by washing. 

greater, i .e., it will take longer to change t he water. Tanks 
fi tted with siphons wh ich drain fluid continuously from the 
bottom generally have a good water-changing capacity if the 
incoming water can be prevented from mixing with that already 
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in the vessel. The turbulence is low, however, and the viscous 
layer of diffused thiosulfate in contact with the emulsion is not 
washed away, so that little advantage is gained. Syphon tanks 
which func t ion intermittently and empty completely show the 
smallest factor and the greatest renewal capacity, but they suffer 

· from the disadvantage tha.t the material is left uncovered for 
part of the time. 

In general, the choice of washing apparatus is unimportant 
provided that two simple rules are obeyed: The volume of the 
wash water should be the least necessary to cover the materials; 
and it should be changed frequently by complete draining or 
vigorous, continuous flow. 

Even with satisfactory washing apparatus, the other factors 
already mentioned which enter into the determination of the 
rate of elimination are the temperature of the wash wa.ter and 
the composition of the fixing bath. The effect of temperature 
is shown in Figure 144. The temperature is in practice limited 
by the danger of swelling and softening the gelatin. Tempera,.. 
tures of 60°- 70° F. are be::;t. For any particular set of washing 
eonditions, thio::;ulfate is more readily removed from film fixed 
in a non-hardening fixing bath than from that fixed in a potas
sium alum-thiosulfate fixing bath, while if a chrome alum fixing 
bath is used, the elimination will be almost as rapid as with a 
non-hardening fix ing bath. 

\VASHI~G PAPERS 

Paper prints do not lose thiosulfate exponentially in water. 
An initial rapid diffusion, which is almost logarithmic, soon 
degenerates into a very sluggish process. The main bulk of the 
salt comes out in five minutes, leaving a harmful residue, which 
may require from ten minutes' to an hour and a half's further 
soitk ing. The last traces in many cases cannot be removed by 
prolonged 'vashing. 

The paper fibers retain so much more salt than the emulsion 
layer that the influence of the latter on the washing time need 
not be considered. Experiments show that the retention is in 
the nature of friction, mther than adsol'ption. The elimination 
of the salt is retarded by passing through a succession of cell 
walls, often protected by sizing materials, and is not able to 
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proceed as free ly as in a layer of still water. The slmver diffu
sion, as washing progresses, is probably due to differences in the 
rate of escape from different units in the paper s tructure. Long 
after the main bulk of the salt has been eliminated, a small 
amount cont inues to percolate from the thick cells or cavities 
which have been specially protected by sizing. Very minute 
residues, of the order of 0.03 milligram per square ineh, may not 
wash out in twen ty hours. 

The rate of elimination from paper prints is affected also by 
'(a) the temperature of the wash water and (b) the composition 
of the fixing bath. 
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FIG. 145. Effect of t emperature on the elimination of thiosulfute from 
prints : S.W., single-weight pupcr; D.W., double-weight paper. 

Typica l washing curves of prints on single- and double-weight 
paper for d ifferent temperatures arc shown in Figure 145. TIJe 
mtc of washing increases with the temperature, bu t for longer 
times, the ra te tends to approach zero. Washing is notably 
faster with single-weight t han double-weight papers. The rate 
of elimination increases appreeiably if prints are fixed in non-
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hardening or chrome a lum fixing baths rather than potassium 
a lum fixing baths . 

The concentrations of thiosulf~tte at t imes !2 and l1, in the 
fo rmula for the determination 
of the elimination constant, k 
(p. 532), arc obtained by meas
uring the thiosulfate retained in 
the print itself. It is converted 
into sil ver sulfide by t reatment 
with sil ver nit rate, a nd the den
sity of color produced by the 
sulfide is determined. Hickman 
and Spencer r.o showed that t he 
elimination curves have d iffer
ent shapes, according to whether 
they refer to the raw-papei· base, 
the baryta~coated paper, or t he 
emulsion-coated paper. Thus, 
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in Figure 146, cu rve A gives Fw.l4G. Eliminationcurvesfnr 

the thio:-;u lfate remaining after ~·;~;e~:~ll((~) ~:;~:;lsi~~ ~~:r~;J ~:::;~l; ~ 
washing for the paper base; B, 
for baryta-coated paper, a nd C, for emulsion-coated paper. The 

figures on the curves are t he 
weight of anhydrous t hiosu lfate 
in tite paper (14 square inches) 
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FIG. 14 i . Accelcmtion of wash
ing of paper· base after· treatment 
with boiling, aeidiftcd w:~.ter: (.1) 
normal curve; (lJ) after boiling 
with hydrochloric acid; (C) after 
boiling with water. 

before washing. 
That the nature of the wash

ing curve is due to the structure 
of t he paper as a manufactured 
sheet, rather tha n to the con
stituent fibers, is shown by the 
fact t hat s tressing the surface Ol' 

f'c rubbing or soak ing the sheet 
in a solution which disl'upts it s 
textu re quickens washing. Fig
ure 147 ill ustrates the accelera.
t ion of wash ing after t reatment 
with boili ng ac idified water, 
whic h ruptures the s iziug. r,o 
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'Strong caustic solution has a similar effect. Transferring the 
thick paper from one bath to another, especially with a rinse 
between, subjects the paper to disruptive osmotic forces and 
induces quicker washing. The washing of thick card may be 
accelerated rather than retarded by re-immersion in the fixer 
after a couple of minutes' washing. A final washing removes 
more salt in half an hour than would come out in an hour with-
out the intermediate treatment. 

The permanence of the silver image is governed by the amount 
of residual thiosulfate present, which under appropriate condi
tions of temperature and humidity may cause sulfiding of the 
image. If it is not possible to wash out all of the thiosulfate, 
as in the case of prints, so-called hypo eliminators should be used. 
These are solutions which oxidize the thiosulfate to a harmless 
chemical or which assist its elimination by washing. Many 
eliminators have been proposed, but most of them arc ineffective. 
In 1940, Crabtree, Eaton, and Muehler 37 disclosed improved 
methods of thiosu lfate elimination. Alkalis used alone a re most 
effective for fi lms and plates. After the negatives are washed 
for about 10 minutes, they are bathed in 0.3 per cent ammonia 
for 3 minutes and washed for a further 3 minutes. For prints, 
a solu tion containing a low concentration of ammonia and hydro
gen peroxide is used between washings, the peroxide oxidizing 
the thiosulfate to sulfate. 
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CHAPTER XIV 

REDUCTION AND INTENSIFICATION 

Changes in the densities of a developed image are sometimes 
desirable. The processes used are classified as reduction and 
intensification, the former referring to methods by which the 
optical densities of the image are diminished, and the latter to 
t hose by which they are increased. (The term " reduction " is 
unfortunate because the reactions employed a re oxidations, and 
i t would be better to refer to t he process as "weakening," the 
term used in most languages other than English. ) 

Images usually require reduction or intensification because the 
exposure or development was not correct. The faults which 
may require correction may be classified as follows : 

1. Normal exposure Underdeveloped 
Overdeveloped 

2. Underexposure Underdeveloped 
Normally developed 
Overdeveloped 

3. Overexposure Underdeveloped 
Nonnal ly developed 
Overdeveloped 

It is apparent that two general types of correction are re
quired; namely, a modification of density proportional to t hat 
present, and which changes the 'Y, and a modification of density 
independent of the amoun t present, and which leaves the 'Y un
changed. These corrections can be effected, to a certain degree, 
by a suitable choice of the following methods. None of them, 
however, gives a fina l resu lt equa l to that obtained by correct 
exposure and development; their use is an expedient and not a 
practice. 

CLASSIFICATION OF REDUCERS AND I NT ENSIFIERS 

Reducers and intensifiers may he classified into general types, 
depending upon their relative action on the various densities of 

542 
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the image, as shown by a comparison of the D logE curve of the 
treated image with that of the original. The type of reduction 
or intensification is dependent upon the nature of the solution 
and, to some extent, the grain size distribution characteristics of 
the image treated.1 

REDUCERS 

Following the nomenclature of Luther/ except for a broader 
interpretation of sub-proportional action, reduction as shown in 
Figure 148 is (1) proportional if all the densit ies of the origina l 

L.OG E 

FIG. 148. Various types of reduction: 1, proportional ; 2, su perproportional; 
3, subproportional; 4, subtractive. 

are reduced in the same ratio, (2) superproportional if the reduc
tion ratio for the higher densities is greater than that for the 
lower ones, and (3) subproportiona.l if the reduction ratio for 
the lower densities is greater than that for the higher ones. 
(4) Subtractive reduction is a special case of (3) , where removal 
of density is approximately equal from all densities. The term 
"subproportional" is seldom used since all known reducers of 
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this type approach subtractive action as a limit. Such solutions 
are sometimes described as culling reducers. 

A number of the better-known reducers may be classified as 
follows: 

. 1. Propor tional Reducers 
Potassium permanganate (alone 3 or with weak acid") 
Permanganate-pcrsulfate wit h sulfuric aeirl ,-, 
Ferric ammonium sulfate with sulfuric aeid 6 

Quinone with sulfuric acid 6'J 

2. Superpro.,.ortional Reducers 
Ammonium 7 or potassium persulfate ~ alone or with sul

furic acid 
Ferricyanide-bromide bleach; nonstaining partial redevel

opment followed by fixing 9 

Bichromate-potas.<;ium bromide-hydrochloric aeid* bleach; 
nonstai ning partial redevelopment followed by fixing10 

3. Subproport ional Reducers 
Ferricyanidc-thiosulfate (Farmer's) 11 • 1 

Ferricyanido-thiocyanate (Haddon's) 12 

Iodine-cyanide 1 

Ferric chloride-acid-oxalate-thiosulfate (Belitski) 13 

Permanganate-sulfurie acid 1 •4e 
Biehromate-sulfuric acid 1 • 4~ 

Ceric salt s \vith nitric or sulfuric acid 12b· 14 

All reducers are oxidizing solutions. They must either oxidize 
the sil ver to a soluble salt or contain a solvent for the silver salts 
which are insoluble in water. T hus, t he permllny;anatc, bichro
mate, ferric ammonium sulfate, eerie, and persulfate reducers 
are used in the presence of su lfurie :wid and dissolve the sil ver 
as sil ver su lfate. Thiosulfate or t hiocyanate is used with fcrri
cyanide to dissolve the si lver ferrocyanide wh ich is formed; with 
iodine, cyanide is used to diR<>olve the silver iodide. 

The vigorously acting solution of ferric:van ide and thim;ulfate, 
ns well as many other subproportiona! reducers, removes densit.y 
in almost equa l increments from both low and high densities, 
but generally there is a tendency to remove somewhat more from 

• With rclatin~ly low add content, the lowe>ot d<ln6itiea are int<Jnsifi.,d; with sulfuric 
or other .sufficiently ~trong acid. the lower den.!!iti<J6 aru not intensified. 
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the denser port ions. The latter propensity is greatest for images 
having a wide range of grain size dis tribu tion, as in high-speed 
negat ive materiills. Upon emulsions having a rclatively na rrow 
range of grain size (process n.nd positive), the action of the 
reducer appro:lChes t he pure subtraetive.1b Dilution of sub
t ractive reducers or lowering the coneent ration of a n ingredient 
often causes t.lJC solution tn give more nearly proportional action. 
For t.be screen negatives used in photoengmving, mixtu res hav ing 
a high concent ration of thiosulfate permit p referentia l reduction 
of low density edges of half-tone dot images and the smalles t 
Uot images, t hus " sharpening" the dot edge and increasing t he 
cont rast. I n t his case, diffusion plays an important part in 
controlling the removal of partially used solution a nd replenish
ment with fresh. The ferricyanide-thiosulfate solut ions are not 
stable; some of the thiosulfate is oxidized by t he ferricyan ide, 
and other side re1tet ions take place. As indicated by Cra-bt ree 
a nd Mnehler,'b the useful life of t he solution can be iucrensed 
many times hy the use of sufficien t alkali. 

Other nonaeid sub tractive retlucers employ iodine, potasRium 
ferricya.nide, a.nd copper eompounds as oxidizing agents, to~ethcr 
\\'ith solvent..<; for silver eompountls, such as potassium cyanide, 
alkali t,hiocyanates, t hiourea, and ammonia. Iodine is used 
wit.h compounds capable of dissolving silver iodide ; for exa mple, 
potassium ioclide or cyanide. 

Pcnnanp;a nates and Lichromatcs in sulfuric and nitri<: acids 
a rc a lso subpt·oportional (subtractive) reducet·s. Their act ion is 
so rapid tha t they are often employed in reversa-l processes to 
remove the sil ver produced by fi rst development. The e(]uation 
for t-he action on silver of potassium permanganate, with suffi 
cient acid to form t he neutral sulfate, is typical and may be 
written 

lOAg + 2KMnO~ + 8H2SO~ -
K2S04 + 2.:vrnso~ + SAg2s o . + SH20 

or ionically: 

(lVfnO~)- + 5Ag + SH+ -• 5Ag+ + l\'In++ + 4H 20 . 

Silver solution i-. also brought about by the soluble salts of 
elements which merely change thcit· valency by a single unit. 
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Such a change is the passage of eerie sulfate to cerous sulfate: 

or 
Ce++++ + Ag - Ag+ + Ce+++, 

A practical difficulty in the use of the eerie salts is the ease with 
which they are precipitated as basic compounds, so that they 
generally require the presence of additional strong acid. 

The reactions of the solutions used as reducers for the silver 
image do not seem to have been studied adequately. Acidified 
permanganate, for instance, \Vhen it reacts with precipitated 
metallic silver, yields some silver peroxide, and it is possible that 
its reaction with a developed image is more complicated than is 
indicated by the equation given above. 

Persulfate Reducers. The reaction to which the most study 
has been devoted is that between silver and the alkaline per
su lfates. Ammonium persulfate as a photographic reducer was 
first suggested by LumiCrc and Seycwctz in 1898.7a Textbooks 

'have continued to recommend it, with the caution, however, that 
its action is uneven and uncertain. It is normally a super
proportional reducer which attacks the heavy parts of the image 
and leaves the low densities scarcely touched. Under certain 
circumstances, however, it can act proportionally, and this has 
proved very confusing. A solution of ammonium persulfa.te has 
little action on the image at first, but, after a short time, the 
heavier densities arc more and more rapidly eat-en away without 
appreciable reduction occurring in the lighter ones. Lumiere 
and Seyewctz realized at an early date that, though neutral per
sulfate dissolves pure metallic silver, i.e., attacks a polished 
silver plate, its action on the photographic image is enormously 
accelerated by silver ions and acids. They knew that, a.'l the 
photographic action proceeds, the solution becomes more acid 
and the reaction quickens autoca.talytically.15 ShepparcF•·16 

and, at about the same time, Higson 7d showed that the reactions 
of the persulfate are determined largely by the catalytic action 
of impurities . The most important are silver, hydrogen, iron, 
copper, and chloride ions. The first two are products of the 
action of persulfate on the image . • The silver and hydrogen ions 
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liberated after the first few moments of action cause the ve
locity of the reaction to increase as the ions become more 
abundant. 

Chlorides hinder the action of persulfate in two ways: In 
minute quantity, they can remove the few silver ions from the 
·lighter densities and leave those in the heavier scarcely dimin
ished, in .. which case the reduction becomes even more super
proportional. On the other hand, the silver ions in the light 
densities may be completely removed by the washing after fixa
tion, so that chlorides merely diminish their concentration in the 
dense parts and the reduction is more nearly proportional. The 

0 o' O• o~ 11 '' oe 21 u 01 lO 
o 1 (D£~Son) 

FIG. 149. The effect of soluble chloride on the differential reducing action 
of pcrsulfutc for different times of uction. 

graph shovm in Figure 149, taken from Sheppard's second paper, 
shows that the first condition usually obtains. The addition of 
silver salts to the persulfate accelerates reduction for all densities 
and renders it somewhat more proportional for the complete 
range. This is well brought out in Figure 150, also from Shep
pard's paper. 
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Higson compiled a bibliography on the subject of persulfate 
reduction a nd examined t he effect of hydro~en, iron, copper, and 
chloride ions.8b The simple equation 

2 Ag + (NH4hS20H- Ag2S04 + (NH 4)2S04 

cannot represent. the actual reaction because the solution !(rows 
acid during use. Hydro~en ion accelerates t he photographic 

Fw. 150. The effect of silver salts on the d ifferential 
reduction of 1>crsulfatc. 

reduction in apparently t he same mnnner as sil ver. The chemi
cal equations expressing the oxidation of meta llic silver must , 
therefore, involve t he production of both hydrogen and si lver 
ions. l'vi arshall and Inglis , 17 on t he one hand, show that per
sulfate decomposes rapidly in the presence of silver sulfate, and 
Higson, on the ot her, t hat a peroxide or a per-oxy-sulfate of 
silver is deposited from solution. In the presence of a mmonia, 
the end-products of decomposition are represented by 

3 (NH 4hS20s + 8 N H3- 6 (NH4)!S04 + N2, 



REDUCTION AND INTENSIFICATION 549 

and in acid solution by 

8 (NH,),S,O, + 6 H,O ~ 7 (NH,),SO, + 9 H,SO, + 2 HNO,. 

In this case, ammonia is oxidized to nitric acid. This mfly he 
ascribed to a. decomposition of sil ver pcrsulfate to form silv(~r 

peroxide, which has been found experimentally. 

Unstable peroxides of this type are powerful oxidizing agents in 
the presence of acid in a degree roughly proportional to its con
centration. The sulfuric acid attacks the peroxide, 

Ag202 + H2SO. - Ag2SO. + H 20 + 0 . 

The nascent oxygen may attlLCk the NH1 group a nd form nitro
gen or nitric acid. In moderately a.mmoniacal solution, the 
re::u.:tion is much slower, and silver oxide may be precipitated . 
During reduction of the photographic plate, the nascent oxygen 
attucks both the NH4 group and the silver image, producing both 
silver and acid, which, in turn, quicken the process. However, 
even t he presence of the ammonium ion is not essential; H igsou 
showed t hat potassium persulfate also gives superproportional 
reduction. The conelusions of Sheppard and Higson for the 
reactions considered show almost complete agreement: 

Sl!qlt}(ml 

t. S.O/' + H.O - 21180.' + 0 . 
2. Atomic oxygcm from (I) forms oxides 

- Ags{)t, Ag.O. 
3. 

4 . Oxides, A~), c!R., rcnet with acid 
Ag.O + 2H+ -+ 2Ag+ + H.O 
2HS04- ;:::!:2H+ + 280,--

Jlig$on 

S.01" + H.O- 2HSO/ + 0 . 
Nnsccnt oxygen (rom ( I) rormH per

oxide, pmhnbly Agt) •. 
Silver peroxide oxidi:<\C!:l gelatin 11nd is 

r&Jm:e(l to Al(o0. 
Ag.O react.~ with ncidie ion m;o,- . 
Ag.O + 2HSO,- -+ 2Ag+ + 2804-

+ TI.O 

I N TENSIF IERS 

Intensification, a...;; illustrated in Figure 151, is considered 
(1) proportional, if the density increase is directly proportional 
to t he original density, (2) superproport iona l, if t he percentage 
gain of density increases with increased original density, or 
(3) sul>proportional, if t he percentage increase of density dimin
ishes with increased density. 
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Proportional intensification is the most general and useful 
type, and this type of action is fulfilled or approached by most 
intensifiers. Superproportional intensification results from sol-

~~~l71J1 
LOG E LOGE LOGE 

FIG. 151. Intensification: I, proportional; 2, ~uperproportional; 

3, subproportional. 

vent or other inhibiting action \Vhich tends to prevent increase 
in the lower densities; while subproportional intensification re
sults from partiaJ failmc to intensify in the intermediate and 
higher densities. Subproportional intensification is obtained 
with the chromium in tensifier (a) when bleach ing or redevelop
ment is incomple te, or (b) if stain (pyro developed) images are 
intensified under conditions which remove much of the stain. 

Well-known examples of intensifiers may be classified as 
follmvs :Ib.a 

1. Proportional Intensifiers 
Chromium intensifier (bichromate-hydrochloric acid 

bleach; metol-hydroquinone redeveloper) 
Mercuric chloride-bromide bleach; silver-potass ium cya

nide redeveloper (1Vlonckhovcn's) 
Silver intensifier 

2. Superproportionallntensifiers 
.Monckhoven's intensifier with Rlight excess of potas:,;ium 

eyanide in the redeveloping solution. Mercuric bro
mide bleach; sodium sulfite redeveloper 

3. Subproportional Intensifiers 18 

Uranium intensifier 
Chromium inLensifier with incomplete bleaching or re

development 
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Ferricyanide-bromide bleach in combination with staining 
redeveloper and incomplete bleaching or redevelop
ment* 

Mercuric i9dide followed by a p-aminophenol redeveloper. 

Action of intensifier solutions. Chemical intensification may 
be brought about by addi ng to the silver image, by partially or 
entirely replacing it by an optically ·dcnser material, or by alter
ing the photometric constant. If an image is bleached in a 
dilute solution of potassium bichromate acidified with hydro
chloric acid, and redeveloped in a nonstaining developer, a 
moderate increase in density wi ll follow. It is still doubtful 
whether the chromium compounds are added to the silver or 
whether the double conversion merely increases the porosity and 
covering power of the grain; 1:.e., alters the photometric con
stant. It is probable that some reduced chromium compound 
is present, since increase in the acidity of the bleach decreases 
the intensifi cation. Strong acid, such as sulfuric, removes the 
intensification. 1~> 

The great majority of intensifiers increase the mass of the 
deposit. They may be subdivided into so-called physical and 
chemical types, according to their mode of action. The physical 
intensifiers deposit metallic sil ver or mercury on the developed 
silver grains. They obtain the energy for reduction from a re
ducing agent in the solution, the silver grains acting as nuclei 
for this reaction. A suitable solution can be made from silver 
uitrate, pyrogallol, and citric acid; or a mercury salt, metol, and 
citric acid. 

Alkaline physical intensifiers are known, and a number devised 
by various workers are given by WaiJ.W A relatively stable 
alkaline physical intensifier containing si lver nit.rate, sodium 
sulf:i te, sodium thiosulfate, and metol, given by Crabtree and 
Muehlcr, gives proportional intensification a nd a neutral image. 
This type of intensification has the advantage of being permanent. 

The typical chemical intensifier involves the dual process of 
bleaching and darkening. The bleach contains a soluble, oxi
dized salt which yields an insoluble silver compound and an 
insoluble, reduced sa lt. A well-known bleach is the soluble mer-

• Using the !llethod of Wilsey," but blea<:hing oo· redcvelo]ling incompletely. 



552 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

. curie chloride, which attacks metallic silver and forms a mixture 
of silver chloride and mercurous chloride. Each grain is aug
mented by a quantity of mercurous chloride. Da-rkening can 
then be effected by any solu tion which renders the silver and 
mercurous chloride opaque, such as a developer, sodium sulfite, 
or a mmonia. Experimentally, even saturated potassium bro
mide solution effects a darkening. \Vith ammonia, the react ion 
darkens only the mercury salt to Hg2Cl· NH2, which, in reality, 
is a dispernion of colloidal mercury in the " infusible white 
precipitate" of the ancient alchemists: CI-Hg-NH~ + Hg. 
}\'1ercury-intensified images are not permanent unless they are 
completely redueed to mercury and silver or converted to sulfides. 

Mercury intensifiers. Mercurial iutcm;ifieat.ion was studied 
by Chapman .Jones/1 who laid great stress on the necessity for 
converting the image to metallic mercury and silver if it is to be 
permanent. Since organic developing agents require sulfite in 
the solutions and this reacts with the mercurous chloride so that 
ha.lf the mercury passes into solution, he recommends that the 
image be treated with a ferrous oxalate developer after bleaching 
with mercuric chloride. This reduces the silver chloride and 
mercurous chloride quantitatively to the metals. The image 
ma.y be intensified a second time by exactly the same met.hod, 
for mercuric chloride acts upon metallic mercury exactly as it 
does upon metallic silver-

AgHg + 2 HgCI, ~ AgHg,CI,, 

and from this product ferrous oxalate r·emove:s the whole of the 
chlorine, as before. By repeated applications, therefore, the 
images produced have the following composition : 

Ag 

---l nten.sifiedl- -----

Once 
AgHg 

Twice 
AgHg, 

Three times 
AgHg7, and 1!0 on. 

This method of intensification was applied by Chapman Jones 
to the enlargement of particles of fine-grained silver, so tha.t 
their size c:ould be determined microscopically (p. 567). 

Single-solution mercury intensifiers which give impermanent 
brownish-black images are known in many variations. T hey 
generally contain mercuric chloride as the oxidizing agent and 
an optimum quantity of potassium iodide or this combination 
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and sodium thiosulfate 22 or sodium sulfite.23 The soluble iodide 
may also be replaced by alkali thiocyanate,2~ in which case the 
thiosulfate or sulfite is usually omitted. The images obtained 
with the singJc.solution mercury intensifiers are useful but not 
permanent unless subsequently treated with a developer or dilute 

·sodium sulfide. 
The ferricyanides of the heavy metals oxidize the silver to 

silver ferrocyanide and are themselves reduced to insoluble ferro
. cyanides. The lead salt reads thm; : 

4 Ag + 2 Ph,[Fe(CN),], ~ Ag,Fe(CN)o + :! P b,Fe(CN), 

and produces a dense deposit, which may be further da.rkened 
by conversion of the ferrocyanides to sulfides. 

The uranium intensifler is really a toning solution which con· 
tains potassium ferricyanide, uranyl nit.ra.te, and oxalic acid. 
It is useful in cases of extreme underexposure sinee t he degree 
of photographic intensification for low densities is of the order 
of 300 per cent .18 The image is not permanent, being soluble 
in alkali. 

, Optical Intensification 

If a silver image is bleached in oxidizing solutions containing 
halogen, such, for instance, as ferric bromide, and the resultant 
silver bromide is darkened to silver sulfide, the silver sulfide 
appears le&'> dense than the original image; yet photographically 
its opacity is increased because its color has been changed to 
brown, which absorbs the blue light, to which the print ing 
medium is sensitive. Such a procedure is known a.s optical 
intensification since it depends on the color of the transmitted 
light rat her· than on its intensity. 

All processes of intensification and reduction could be included 
under this heading, because the image seldom undergoes a t rans
formation without alteration of the ratio between its visual and 
photographic densities. Kevertheless, the heading is applied 
generally to processes involving change of color rather than mass. 
When a meta llic silver deposit is converted to the brown sulfide, 
red chromate, or buff ferricyanide, although it appea rs to lose 
density, it shows greater contrast in printing. Wilsey,•~ follow
ing t-he suggest ion of L. A. Jones, proved the usefulness, as an 
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intensifier, of the sta in produced by pyrogallol during develop
ment. If a negative is bleached in ferricyanide and bromide 
and redeveloped in pyrogallol, although the image appears to 
have lost a little depth, it will y ield a stronger print. The in
crease in printing strength is directly proport ional to the amount 
of s tain and, hence, inversely to the quantity of sulfite in the 
developer. Table LX from Wilsey's paper gives the rat io of 

TABLE LX 

OrigiMl OriyiMl 
Developuw11t Development Original Origirwl 
A!etol-llydro- M etol-Hydro- Development Development 

quiJWne, qui~, Pyroii- 10- 10 Pyro5- t0-/0 
Permangarwte Ferrieyanirk Permangarwte l~'erricyanide 

Bleach /Jleach /Jleach B leaeh 

Rcdcvdopmcnt ~ ~ 2..'£ 2..'£ 

'·· ,,, 
'"' ,., 

Pyru5- JO--{J 2.00 1.70 1.15 1.80 
Py ro ;)- ltl- 5 1.50 1.35 .95 1.40 
Pyro [J-10- 10 l.l."i Ll5 .so 1.1 5 
Pyro 5- 10-2il ,\),", 1.00 .65 .\)5 
Mctol-hydroquinone .80 .\)5 .55 .85 

the "Y of the intensified plate (-y,.P) to that of the original (-y.P) 
measured photographically on motion-picture fi lm, as described 
later. The figures following the word " pyro" in the first column 
refer to the relative quan t ities of pyrogallol, carbonate, and 
sulfite expressed in grams per liter of solution. The perman
ganate bleaching bath removes any stain caused by the first 
development, while the ferricyanide leaves it to reinforce the 
stain produced in the second development. It is interesting to 
note that the effect of successive bleachings in ferricyanide 
and redevelopment in pyrogallol is cumulative (T able LXI). 

TABLE LXI 

Orif{inal Developme:rd Original DeveWpmem 
Sw-.t".Nt~ive Bleaehing /lfetol-llydroquirume P yro 5-10-/0 
and Redevelopment l<'erricyanide Bleach Ferrieyanirk Bleach 

Pyro 5--HH l 2..'£ ~ 
Yoo ,., 

Once 1.70 1.80 
Twice 2.10 2.20 
Tlm~etimes 2.40 2.45 
Four times 2.65 2.70 
l<'ivetim~ 2.80 2.1)5 



REDUCTION AND INTENSIFICATION 555 

Hickman and Weyertsz:; showed that silver sulfide is sensitive 
to light and accumulates metallic silver if illuminated under 
solutions containing free silver ions. Solutions of silver-sodium
nit rite and silver-sodium-sulfite, containing a-bout 5 grams per 
liter of silver nitrate, are most effective. 

Silver images converted to sulfide can be intensified in li~ht 
(of all wave lengths from ultraviolet to 1.4 IJ) under the solutions 
mentioned. The process, which readily permits very high in
tensification, has also been termed optical intensification. 

The reaction in nitrite is shown to be a simple oxidation
reduction process which causes the metallic silver to deposit on 
the silver sulfide. The reaction in ~mlfite may be of a similar 
nature, but it a lso may take place through the medium of ad
sorbed poly-sulfur-bodies, in which case the generation of a 
diffusible reducing material is thought to precede the deposition 
of silver. 

Color Coefficients 

The relation of printing density to visual density is of impor
tance (Chapter XVII, p. 645). One of the first to give such 
data for intensified images was Clerc,26 who used Desalme's 
copper-tin intensifier. Nietz and H use made a study of the 
relation between the original visual and photographic y's and 
similar y's after intcnsification.18 To determine the actual print
ing density or print ing 'Y in practice, it is necessary to print the 
negative on a material having a known cha racteristic curve, to 
develop it under standard conditions, and to calculate from the 
densit ies in the reproduction the amount of phot.ographic light 
transmitted by each step of the original. Nietz and Huse and 
Wilsey worked according to the scheme pictured in three steps 
in F igure 152. In Section A, the visual densities of a sensi
tometric strip are plotted against logE in the usual manner. 
This is curve 0~, or the visual density of the original strip. 
After intensification, a new curve, i~, or the visua l densities of 
the intensified image, is obtained. As both the original and 
intensified silver deposits are likely to be colored, however, the 
printing densities are different from the visual, giving curves 
0, and i,, where t he subscript p =printing density. These 
printing density curves are, of course, only found as the result 
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' of the graphical analysis, but they are printed iu t he fi rst quad
rant for the sake of clarity . The original and intensified strips, 
concsponding with 0 . lLnd i., arc printed onto a standard male-

}'to. 152. Scheme for determination of the relation between visual and 
photographic ')' '!:! Defore und a fter intensification. 

rial, such n.'3 motion-picture pm;itive film, and yield the composite 
curve15 0~ (original, reproduced) and i~ (intensified, reproduced) 
in t he left-hand upper quadrant. They represent the summa
tion of the origina l and intenHified photographic ')' curves plus the 
natural "' of the printing material. By projection from any 
points on 0, or i, toM, the natural "'of the positive film shown 
in Lhe third quadrant, the actual photographic:, i .e., printing 
exposure transmitted by t he original materials can be calculated 
from readings a long the A axis. 

Having determined the printing density, D' p, of the intensified 
image, the selectivity coefficient for the given density is given 
by the ratio D'P/D'~· Thus, the photographic density relat ive 
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to the visual density D. is evaluated for a particular density. 
The ratio of the slopes at the points D' p and D'. is defined us 
t he selectivity gradWnt coefficient; that is, 

dD' 
d log pH 
dD', . 

dlogE 

I£ the value of the selectivity gradient coefficient is constant over 
a range of values of logE, the image may be considered to have 
a color coefficient. If the photographic and visual density-log }I] 
curves have sufficient straight line to determine -y, the color 
coefficient will be the rat io of the photographic and the visual 
-y's. The color coefficients of a number of intensifiers determined 
by 1\" ietz and Husc varied from 1.0 for chromium redeveloped 
with amidol and mercuric chloride redeveloped with amidol to 
t he high value of 2.52 for the brownish colored uranium inten
sification. Similarly, Crabtree and :Muehler II> determined the 
color coclficicnts of selected intensifiers (chromium, mercury, and 
silver) and reducers suitable for motion-picture work . 

. MISCBLLANEOUS METHODS OF IKTENSIFICATION 
AND REDUCTION 

In t his treatise, it is impossible to include more than a brief 
consideration of several miscellaneous methods of intensification 
a.nd reduction and their effects. The voluminous literature on 
the subject and the varied and involved processes a1·e well pre~ 
sentcd in many sources.19.lb.27 

1. llarmonizing is the term usually applied to a process com
bining the advantages of bot h intensification and reduction. 
T he method attributed to Eder 10 consists of bleaching with bi
chromate, hydrochloric acid, and potassium bromide, followed 
by part ia.l redevelopment and the fixing out of the remaining 
undeveloped silver halide. The low densities of the image, 
which redevelop to completion, tend to be intensified, while the 
higher densities, whieh are progressively less completely devel
oped, arc reduced superproportionally. Thus, the method is 
useful for lowering t he contrast of underexposed-overdeveloped 
images. A modified bleach given by Piper,~ which contains only 
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potassium fcrricyanidc and potassium bromide, effects reduction 
only if a nonstaining developer is used. 

2. P hotographic int.ensification or reduction can be effected 
by converting the silver image to nn image of different spectral 
absorption. Such processes include metal ferricyanide toning 
methods, which convert the image to ferric, cupric, or uranyl 
ferrocyanides. These metal!ic ferrocyanide images may then 
be dye toned or converted to colored organic salts such as nickel 
dimethylglyoxime. Also, the silver image may be converted to 
halide and t hen redeveloped in a coupler developer. 

3. The reduction of photographic densities by excessive treat
ment in fixing baths is well known,28 and early references to 
( l ) the usc of alum baths after fixing for reducing density 211 and 
(2) the reducing action of highly acidified sulfite-thiosulfate 
solutions 30 can now be attributed to the ability of sodium thio
sulfate to dissolve silver provided a suitable oxidizing agent is 
present (Chapter XIII, p. 515). 

The type of reduction given by highly acidified fixing solutions 
is described by Crabtree and Russcll 28< as essent ially propor
tional for high-speed negative film but between subtractive and 
proport ional for motion-picture positive film. The rate of re
duction is greater for posit ive than for negative film and increases 
in such solut ions with (l ) a decrease in grain size of the silver 
image, (2) a decrease in pH from 4.0, (:l) increased bisulfite 
concentration at pH 3.0, ( 4) increased thiosulfate concentration, 
to a maximum at 30 per cent, and (5) the addition of ammonium 
chloride, poti\Ssium bromide, or potassium iodide. The rate of 
reduction was decreased by (1 ) exhaustion or addition of silver 
ha lide, (2) addit ion of sodium sulfate. 

4. I ntensification or reduction of a negative can be most safely 
effected by making a duplicate through the use of (1) the usual 
process involving the making of (a) a master positive and (b) a 
duplicate negative/( (2) the reversal process of developing, 
bleaching, rcscnsit izing, exposing, and developing, or (3) the 
direct developing type of materials, solarizat ion being depended 
upon to produce reversal. With such duplicates, increase or 
decrease in contras t of the original image is possible over a wide 
range hy a variation of the development. 
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CHAPTER XV 

TONING 

THE COLO H. OF SIL VEil DE POSITS 

The silver image produced by development is normally black 
or gray. This is also t rue of precipitated silver produced by 
reduction. According to LUppo-Cramcr,t who confirmed and 
extended work by Liesegang, when silver nitrate in aqueous solu
tion is reduced by pyrogallol and alkali (sodium ca rbonate), 
bla-ck, finely divided silver (the A form) is obta ined, whereas 
pyrogallol a lone gives a grayisl1-white coarse-grained precipitate 
(the B form). The A form is obtained with all alkaline devel
opers and i::~ likely to be colored by the ad8orption of oxidation 
products of the developer; the B form results if ferrous sulfate, 
quinol, or mctol is used in the absence of alkali. If sulfite is 
present in the developer, t he silver formed tends to be inter
mediate between the A and B forms. 

Li.ippo-Cramcr suggested t hat the particular form of silver 
obtained depended upon t he rate at which the silver compound 
was reduced; a low rate of reduction gives time for ripening to 
take place and produces the B form. I n later investigations, 
however, LUppo-Cramer 2 was able to reduce a precipitate of 
silver citrate very slowly to deep black silver, which upon boiling 
with water became light gray in color. T he influence of citric 
acid in this reaction is specific since it is independent of the 
reducing agent , and most of the other acids do not give the same 
effect. For example, if silver nit rate is reduced by metol in the 
presence of <:itric acid, a black, dispersed silver is obtained, which 
settles only very slowly, whereas, with nit ric or phosphoric aeid 
in place of citric add, gray-white silver is obta ined as glistening 
particles.3 J>yrogallol and ferrous sulfate give results similar to 
metol except that, in the former case, the oxidation products of 
the pyrogallol tend to act as a protective colloid. Tartaric acid 
behaves similarly to citric acid, bu t oxalic acid gives a n inter
mediate product. 

562 
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Eder • shows by a number of instances that similar results 
are obtained in wet collodion; for example, t he addition of acids 
such as nitric, sulfuric, and phosphoric gives a whiter silver, 
whereas acetic acid gh,es a brown, and citric acid a. black deposit. 
In the formulas for intensifying wet plates, citric acid was gen
erally used. It may also be mentioned that the addition of 
sodium acetate gives black silver in the reduction of silver nit rate 
by ferrous sulfate or quinol in aqueous solution. 

Ltippo-Cramcr found that microscopical comparison of t he 
two forms most different in color, namely, those obtained in 
gelatin solution with and without the addition of citrate, showed 
no characteristic differences in either shape or size ; in both cases, 
t he particles were much smaller than those obtained in t he pres
ence of phosphoric acid. Nevertheless, there was a difference 
in t he interna l structure of the separate particles, since the black 
silver obtained with the addition of citmte was much more 
quickly bleached by mercuric chloride t han the grayish-white 
silver formed in the absence of citrate. This differentiation of 
the internal degree of dispersity of particles determined by means 
of mercuric chloride, when microscopic observation fails to show 
.any difference, has often been used by Li.ippo-Cramer : For ex
ample, he calls attention~ to the fact that the silver produced 
in a negative by chemical development is generally snid to be 
more granular than that obtained by physical development but 
points out that this can only be true of the external appearance 
since t he rapid attack of mercuric chloride shows thai it is much 
more highly dispersed. Liesegang 6 and Kohlschtitter 7 ca ll at
tention to the fact that black silver has a much higher degree of 
dispersity than grny silver. In Carey Lea's historic researches 
on the a llotropic forms of sil ver, various references may be found 
to phenomena which have been explained on the nssumption of 
a high internnl dispersity of the various forms, this dispersity 
being maintained by a sheath of colloidal silver salt around t he 
parLicles forming any particular nggregate. 

Results obtained in a systematic investigation with the elec
tron microscope in the Kodak Research Laboratories show 
that both gray and black silver prepared according to Ltippo
Cramer's instructions consists of crystals of triangular or hex
agonal outline (111 octahedral faces) ; but, whereas the gray 
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' silver crystals are large (up to 100 p) and untwinned, the black 
ones a re very small (up to 0.1 p) and are present in clusters. 
This shows that the difference in color is due to a difference in 
size of the crystals, which is confirmed by the fact that the two 
forms give the same crystal lattice diagram with X-rays. 

As is shown elsewhere (Chapter VIU, p. 3 11 and Chapter 
XXI, p. 834), the silver of the developed image is filamentary 
in form and quite different from the silver crystals produced 
by reduction from solut ion. Nevertheless, both black a nd gray 
forms of silver occur in photographic work. For example, the 
addition of soluble bromides to a developer to reduce the effect 
of overexposure has a considerable influence on the character of 
the reduced silver. If large quantities of bromide are present, 
the velocity of development is greatly reduced and, instead of 
the ordinary black silver, a light gray form is procluced.5 This 
gray sil ver is due to the orientation of the minute plates, which 
lie more or less in a plane and so reflect ligh t spccularly. After 
fixation, the gray sil ver is much more readily attacked by per
sulfate t han the black sil ver, since the latter, owing to its higher 
dispersity, contains adsorbed matter in greater quantity a nd the 
attack of the persulfate is thereby retarded. 9 

For the production of direct positives to be viewed by reflec
tion, as in the ferrotypc process, the silver in the highlights 
should be more or less white. From the discussion above, it is 
obvious that such a result is best produced with collodion owing 
to its lesser protecting action, especially if a silver solvent is 
added to the developer. 10 The positive effect produced when a 
negative is viewed by reflected light against a dark background 
is due to the different types of silver formed in the highlights, 
middle tones, and shadows. That the silver differs is shown by 
the fact that in mercuri c chloride solut ion the shadows begin to 
bleach first, then the middle tones, and, finally, the highlights. 

While the silver produced by normal development is black or 
gray, silver images may be obtained having bright colors if the 
part icles of silver are small in comparison with the wave length 
of light. This can be accomplished by restrained development 
with solutions containing silver solvents, and t he use of such 
developers with emulsions of fine grain is common for the pro
duction of lantern slides. These colored images are directly 
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analogous to the colored sols of colloidal silver which have been 
investigated extensively by LUppo-Cramer.n He used~~ nucleus 
sol of silver made according to Carey Lea's well-known dextrin 
method, which he found to give the best results if prepared as 
follows : 12 

To a solution containing 20 grams of commercial dextrin and 
20 grams of pure sodium hydroxide in ,1)00 cc. of water arc added 
15 grams of silver nitrate dissolved in 100 ce. of water. There 
is rapidly formed a deep reddish-brown solution, to which, after 
20 minutes, are added 500 cc. of 96 per cent alcohol. After a 
further 15 minutes, the supernatant cloudy liquid is decanted 
off; the residue then dissolves readily in water, a 5 per cent sol 
being easily obtainable. 

In the fi rst experiments which LUppo-Cramcr describes 13 for 
making colored silver sols, he used a gelatin washed ten times 
to get rid of ~dl traces of chlorides. One hundred cc. of a 10 
per cent solution of this gelatin are diluted with 400 cc. of water, 
and 20 cc. of a 10 per cent solution of silver nit rate arc added, 
the temperature being 25° C.; actinic light is excluded. To 
separate 100-ec. portions of this solution are added the following 
quantities of a 0.05 per cent colloidal silver solution made by 
diluting the stock solution prepared in the manner described 
above: (a ) 0 cc., (b) 0.5 cc., (c) 2 cc., (d) 5 ce., (c) 10 cc. Eaeh 
solution is then reduced by the addition of 4 cc. of a 10 per cent 
a leoholic solution of quinol. lf the transmission colors arc com
pared after 30 minutes, the solutions first being diluted, they 
n.re found to be (a) blue green, (b) pure blue, (c) bluish violet, 
(d) ruhy red, (c) yellon·ish brown. The colors can be seen best, 
however, by diluting the sols with an equal volume of 10 per cent 
gei:Ltin solution and then coating on glass. When the films dry, 
the yellow changes to red, and the red to blue, but the colors are 
regained on moistening. 

Instead of using the silver sol as a. nucleus, t.he silver nitrate
gelatin mixture may be exposed to light for some t ime before 
the reducing solution is added. This gives rise to silver nuclei, 
the reaction being comparable with that discovered by Svedberg, 
who showed t hat ultraviolet light forms gold nuclei in solutions 
of gold sa lts exposed to its action. u Similar colors a rc obtained 
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if silver bromide is used in place of silver nitrate,'~ but the 
phenomenon is made more complex by the adsorption colors 
produced from the oxidation products of the developer. 

Any of these methods will produce a range of colors by the 
systematic variation of one of the componen ts of the developer 
if this component can react with the silver compound. ThuS, a 
color scale may conveniently be formed by additions of varying 
quantities of potassium citrate to the same quantity of the 
reduction mixture, as follows: To 500 cc. of a 2 per cent solution 
of gelatin are added 50 cc. of the nucleus silver sol and 20 cc. of 
10 per cent silver nitrate solution, the temperature being 35° C. 
To portions of lOO cc. are then added (a) 0 cc., (b) 1 cc., (c) 4 cc., 
(d) 10 cc., of a one per cent solution of potassium citrate, followed 
by 4 cc. of a 10 per cent alcoholic solution of quinol. After 
20-30 minutes, the colors are: (a) yellow green, (b) yellow red, 
(c) red, (d) blue violet. Intermediate colors can be obtained 
by varying the quantities of potassium citrate (e.g., 0.5 cc. gave 
a ruby red after drying), but an increase to 20 cc. shows no 
further effect. It is seen that there is a high concentration of 
nucleus sol ( lO cc.) in each experiment and that the effect of 
increasing the amount of potassium citrate is to change the color 
towards the blue end. 

These experiments show that with the same concentration of 
sil ver nuclei and the same quantity of silver nitrate solution 
reduced, all the colors can be obtained by the addition of varying 
qua ntities of citrate. In the first experiments described, the 
different colors were obtained by using varying quantities of 
silver nuclei for the same quantity of silver nitrate solution, the 
reason for this method being that the nuclei would grow directly 
by deposition on them of fresh silver as it was formed by the 
reducing process; thus, t he smaller the number of nuclei origi
nally present, the greater the size to which they would grow 
and the greater the displacement of the transmission color toward 
the blue. 

The relation between the size of the particles and the color 
of actual silver images formed on la ntern plates was studied by 
Chapman Jones. 16 Applying Rayleigh's theory of the diffraction 
of light by electrical conductors of small size to the experimental 
results which Zsigmondy achieved with the ultramicroscope in 
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gold sols,11 Mie 18 had established the dependence of color on 
size in metal sols. This dependence included the influence of 
the specific absorption of the metal, since the particles could not 
be considered ideal conductors. Zsigmondy himself interpreted 
his experimental results by connecting the color with the dis
tances between the particles rather than with their size. Chap
man Jones, however, considers that the distance may have only 
an indirect influence. His method of investigation was to enlarge 
the particles by depositing mercury upon them (see page 552). 
The enlargement can be performed in definit-e steps and was con
tinued until the particles were of measurable size. In a later 
note, Chapman Jones corrects his measurements for an optical 
effect produced in the microscope; his corrected figures show 
that the light is scattered by particles of a diameter equal to half 
the wave length of the scattered light, which is in complete agree
ment with the theoretical conclusions previously advanced and 
gives a satisfactory explanation of the color of the silver deposits. 

It must be remembered that the wave length of light con
sidered is that in gelatin, which is approximately two thirds of 
the wave length in air. The mean wave length of the scattered 
light enters the visible spectrum for particles of 0.13 p., and 
particles of this size become increasingly yellow as their size 
increases, until at 0.16 JJ. the color is orange and tends to become 
pink, and at 0.20 p., the deposit is reddish brown. As the par
ticles grow in size, the saturation of the color of the image 
diminishes and the image becomes brown and then gray. Some 
very peculiar colors, which have not been investigated specifi
cally in relation to the size of the particles, are formed by the 
use of small quantities of thiocarbamide in a developer containing 
bromide, the images being produced on fine-grain plates. These 
images are bluish, ranging through lilacs to pinks and purples. 
There is little doubt that with the aid of the electron microscope 
a systematic investigation of the color of such images would 
show that all the phenomena observed can be explained on the 
basis of the scattering of light by small particles. 

While use has been made of the color of images composed of 
finely divided silver to produce very beautiful lantern sl ides, t he 
same effect is frequently undesirable in that fine-grain emulsions 
of the types used for printing give brownish or olive-green tones, 
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which are less satisfactory than the black silver obtained wit.h 
coarser deposits. A change in t he colot of such fine-grain silver 
deposits can be obtained by additions to the developer, the 
compounds used for this purpose being known as blue-black addi 
tion agents. 

I t is convenient to classify the compounds capable of giving 
a blue-black tone into three groups : The first includes het.cro
cyclic bases eapablc of co-ordinating with silver bromide, such 
as chlorbcnzotria.zolc,l9 quinoline and its derivatives,20 quininc/1 

mul numcrous similar compoumls.22 The second group includes 
iodonium salts, such as diphenyl iodonium nitrn.te.23 The third 
group includes many organic sulfur compounds, such as rhoda
mine and N-substitutcd rhodamines, and pseudothiohydantoin.:~ 

One theory of the action of these compounds is t hat t hey are 
adsorbed to t he silver halide and so diminish the solvent action 
of sodium sulfite in the developer, and this is possibly the action 
of the first two groups in the above classification. 

Jelley• found a cause of brownish tones, distinct from the 
degree of dispersion of the silver granules comprising the image: 
Some of the light passing through the photographic image is 
reflected many t imes from minute facets on the silver gra.in, and 
at each reflection the light becomes yellower on account of the 
sul'f:tce color of silver. Furthermore, the reflected light may 
traverse a considerable distance in the emulsion before making 
its escnpe. It follows, then, that reducing the reflecting power 
of silver should make the image less brown. This is the case; 
dilute solutions of an alkali polysulfide, hypo-alum toning baths, 
and alk<dine thiourea make the image much colder in tone, even 
though the t ime of treatment is so short tha t only a low per
centage of the silver is converted to silver sulfide. A very brief 
t reatment with a gold-toning solution turns the image black, 
and t he formation of a thin film of silver bromide on the granules 
followed by the adsorption of a red, blue, green, or violet dye 
makes the image colder in color. Jelley also noted that the 
blue-black images produced by developers containing the organic 
sulfur compounds of group 3 contain an appreciable quantity of 
silver sulfide and have a lower reflecting power if examined 
microscopically by vertical illumination. 

• E. E. Jelley, unpubliflhedwork. 
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CHEMICAL TO~ING 

The modification of the color of a silver image by a change in 
its chemical composition is the object of the operation known 
as toning. To understand the historical development of this 
subject, it is necessary to resume the history of the processt>.s 
·by which paper print-s lw.ve been produced. The earliest print
ing papers wc1·e made by t reating a paper surface with solutions 
alternately of sodium chloride and silver nitrate, so that a layer 
of silver chloride with an excess of silver nit rate adsorbed to it 
was produced on the paper. When printed from a negative, the 
exposure being a number of minutes to skylight, t he silver halide 
is converted into photo-silver. This photo-silver, studied so 
completely by Carey Lea,2b is a complex of metallic silver and 
some silver chloride which is protected by the metallic silver and 
so resists the act ion of the thiosulfate bath used to remove the 
excess of silver chloride and thus fix the image. An improve
ment in this paper was effected in 1850 by Blanquart-Evrard, 
who used albumin as a vehicle for the silver chloride. The paper 
was coated with albumin containing dissolved chlorides and was 
t hen floa ted face don'n on a bath of silver nit.ra-te to produce the 
silver chloride and sensitize the layer. In addition to the silver 
chloride, the albumin paper contained silver citrate produced 
by the addition of citrates to the a lbumin coating solution. 
This paper was used for many years as a printing paper and 
·was displaced only when collodion and gelatin emulsions of 
silver chloride and silver citrate were prepared. 

In these processes in which the image was formed by pro
longed exposure to light, 1tn excess of silver nitrate was necessary 
to produce sensit ivity, and the image whieh remained ::~fte1· fixiug 
was weak and unpleasant in color; in addition, it was unstable 
and easily attacked by the atmosphere and, to some extent, by 
light. This was remedied by the deposition of metallic gold 
upon the image. Gold had been used for a similar purpose in 
the daguerreotype process. Before fixing, t he paper carrying 
the printed image was immersed in a solution of gold chloride 
containing a compound such as borax or sulfocyanide,"' and the 
gold was deposited upon the silver image, strengthening it and 

• T hc!Ml c.omJX>IIIId9 form complcll ione with tho ~'>:lid and thus s tni.Jilizo the aolution 
n~~;ninn prcoip'itntioll by'the pi'O't()insoftho g<:lut.in. 
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changing its color to a purple and, fina lly, to a deep bluish 
purple, almost a black. After fixing, to remove the unchanged 
silver halide, an image of a. pleasing purplish <:olor was obtained, 
a considerable part of which consisted of metallic gold and was 
therefore st.able. For details of the reactions involved in these 
methods of toning, reference should be made to the abundant 
literature.26 

The process of toning with gold persisted until the printed-out 
images composed of photohalidc were replaced by developed 
silver images, when the earlier silver chloride papers containing 
free silver nit rate were displaced by silver chloride emulsions 
which could be developed in alkaline developers. The image of 
these papers is of a pleasing black, almost blue black, although 
by restrained development, especially in the presence of solvents, 
brownish images are obtainable. 

To modify the color of developed images, three methods are 
in general use: (1) The silver image may be converted into silver 
sulfide or its analogues, silver selenidc and silver telluride. 
These compounds have brown and purple colors, much warmer 
than t hat of t he silver deposit, and such toning methods have a 
very great vogue. (2) The silver image may be replaced by 
means of a series of chemical reactions producing a compound 
of some other metal. (3) The image may be replaced, to some 
extent, by a dye which gives the image its characteristic color. 

Sulfide Toning 

Metallic silver readily combines with sulfur to yield silver 
sulfide, which is one of the least soluble and most stable of silver 
compounds. Silver images are easily converted to silver sulfide. 
The various met hods of sulfide toning may be divided into two 
categories: direct methods, in which the silver image is converted 
by a single operation into silver sulfide; and indirect ones, in 
which t he silver is first transformed into silver chloride or bro
mide, which is then acted upon by a solution of sodium sulfide 
to convert it to silver sulfide. 

For direct methods of sulfide toning, either colloida l sulfur or 
a polysulfide may be used. The reaction between silver and 
sulfur is shown in an interesting, though impractical, manner hy 
boiling a Velox print in water to which some flowers of sulfur 
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has been added. Slow toning takes place. Sulfur in a molecu
lar state of subdivision reacts at lower temperatures; thus, iL is 
possible to tone certain types of photographic paper by tra.ns
ferring the prints direct from the fixing solut ion to a 2- 5 per cent 
solut ion of hydrochloric acid. The sodium thiosulfate is decom

. posed by t he acid to form, among other products, colloidal sulfur, 
which remains in the gelatin when the prints are washed. T he 
washed prints 'viii tone to a rich brown if stored in a moist state 
fm· a l;out twenty-four hours. The well-known " hypo-alum" 
toning bath works on this principle. In its earlier form, it con
si.'ltcd of a solut ion of sodium thiosulfate to which potassium 
alum had been added. ThiS was heated to about 50° C., and the 
prints were allowed to remain in the solut ion until sulfiding was 
judged to be complete. In its p1·csent-day form the solution 
contains 10 to 20 per cent thiosulfate, about 3 per cent potas
sium a lum, about 1 per cent each of silver nitrate and sodium 
chloride. The thiosulfate is dis.o:;olvcd in cool water and the 
nlum in hot water. When the a lum solution is added to the 
thiosulfate, colloidal sulfur is precipitated. Then the silver 
nitrate is dissolved in a small volume of water, the sodium 
chloride is added, and the solution containing the resulting 
precipitate of silver chloride is added slowly to the hypo-alum 
solut ion while stirring the latter solution rapidly. 

Another direct method of sulfide toning depends on the action 
of alkali polysulfidcs. Solutions of sodium, potassium, and am
monium sulfides readily dissolve sulfur to form mixtures of 
eli-, t ri-, tetra-, and penta-sulfides. These solutions part with 
sulfur and rapidly convert a silver image to one of silver sulfide. 
Alknli polysulfidc solutions have a strong softening action on 
gelat in, however, so that their popularity for toning is on the 
wane. Shaw 27 used a solution containing barium sulflde aud 
sodium m.-nitrobenzene sulfonate. This slowly decomposes, the 
m-nitrobenzene sulfonate being reduced. I n the presence of 
finely divided silver, the reaction velocity is greatly increased 
and silver sulfide is formed. On many occasions, a toning tech
nique has been suggested in which the silver prints are placed 
in a solution of sodium sulfide and are then transferred, without 
washing, to an oxidizing solu t ion, such as ammonium pcrsulfate 
or potassium ferricyanide. The sodium sulfide is rapidly oxi-
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dized, and t he silver is very largely converted to silver sulfide. 
Indirect methods depend on the conversion of t he sil ver image 

to silver chloride or bromide by means of a bleaching bath and 
the subsequent conversion of the halide to silver sulfide in the 
sulfiding ba.th. .\'lan y different bleaching baths have been pro-

· posed, which, in general, eontai11 a11 oxidizing agent and a soluble 
halide. Combinations of t his type are potassium permanganate 
with hydrochloric acid, potassium dichromate with hydrochloric 

. acid, potas.<;ium ferricyanide with potassium or a.mmonium bro
mide. LumiCre and Scyewetz recommended t he use of quinone 
and quinonesulronie acids.28 .1\{ercuric and cupric salts have 
been used in bleaching baths in order to convert the silver of 
the image to a mixture of silver halide with a mercurous or 
cuprous ha lide. Of these various combinations, by fa r the most 
popuhu· is the potassium fcrricyanide-potassium bromide one. 
The action of this bleach may be written as 

[ Fe(CN),] + AK + Br-- [ Fe(CN),] + [Ag+B,- ] cryst., 

iu which the 8ilvcr give8 up the electron required to reduce t he 
fcrricya.nide ion to ferrocya nide. 

The most usual sulfiding bath i8 a dilute solut ion of sodium 
sulfide. Other compounds which ha vc been used include sodium 
orthothiostanna.te, sodium ihioantimonate, sodium thiomolyb
date, and alkali polysulfides. Sodium thioantimonate tones ihe 
image an orange shade of sepia because of the co-precipitation 
of antimony penta.<;ulfide with t he silver sulfide. Or·thothiostan
natcs give the s..1me tone as sodium sulfide, as the stannic sulfide 
s tays in solution to form a mctathiostannnte. Polysulfidcs, par
t icula rly pcntasu lfides, deposit sulfur with the silver su lfide and 
therefore give a yellow image. Tripcl 29 proposed the use of 
organic sulfur compounds in strongly alkaline solutions. T hese 
solut ions have t he particular merit of being odorless even when 
greatly diluted, whereas other sulfiding agents give some hyd ro
gen su lfide on dilut ion. One such odorless sulfiding solution 
contains 0 .1 per cent t hiourea and 0.4 per cent sodium hydroxide. 
Its reaction with silver bromide is 

2 AgBr + (NI-IzhCS + 2 NaOH 
~ Ag,S + (NH,),CO + 2 NaB' + H,O. 
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It is essential t hat caustic alkali be used; otherwise, the rate of 
solvent action of the th iourea on the silver bromide becomes an 
i;nportan t factor, and yellowish tones a re produced. For a 
similar reason, the concentration of thiourea must not exceed 
0.1 per cent. 

The silver sulfide image may be any color from purplish brown 
to brownish yellow. lvlethods of controlling t he color have 
been described in photographic li terature ever since I 900, when 
Robins 30 published a ser ies of papers on sepia ton ing. An ex
cellent survey of the subject is given in a tra nslation of a number 
of papers by Wiegleb.Jz Hickman 32 recognized that t he sil ver 
sul fide particles shou ld be kept as compact as possible to avoid 
yel lowish-brown tones and proved his contention by b leaching 
slightly dampened prints with chlorine or bromine gas. This 
kept the sil ver halide as compact as possib le, and good tones 
were t hen obtained on sulfiding. On the basis of an extended 
microscopica l study of sil ver sul fide images, Jelley '13 came to 
the conclusion that t heir co lor depends on the nature of aggre
gation of the sil ver sulfide molecu les. Thus, an image consisting 
of particles 2 J.l in diameter is gray by t ransmitted light; one 
which is highly dispersed is brownish yellow. .M ixtures of various 
sizes of grains with va rious proportions of colloidal ly dispersed 
sil ver sul fide produce the whole ra nge of good and bad sepias. 
The indirect process which uses ferricyanide tends to change 
some of t he sil ver to colloida l silver su lfide, there being three 
ma in ways in which this happe ns: 

l. I nsufficient development of the prin t gives a. somewhat dis
persed silver image which is further dispersed upon toning. 

2. T ruces of t hiosul fate left in the prints by inadequate wash
ing cause silver bromide to go into solution during the bleachi ng 
stage, a nd .subsequent sulfid ing produces yellowish tones .. 

3. Sodium sulfide solutions are oxidized by the air to y ield 
sodium thiosulfate. ] f ferri cyan ide is left in the prints as a 
result of an inadequate washing before they are transferred to 
t he sulfiding bath, t he sulfide diffus ing into the emulsion is 
destroyed by the ferricyanide and leaves t he t hiosu lfate free to 
attack the sil ver bromide. By the time the ferri eyan ide is 
reduced and the sulfide is able to do its work, the sil ver t hio-
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~ulfate complex has diffused considerably and forms colloidal 
silver sulfide. To expedite the removal of fcrricyanide ions from 
the prints, J elley recommends making the emulsion alkaline. 
This is a,chieved by adding sodium carbonate to the ferricyanide 
bleach. Previously, Bullock ~~ had noted tha-t less yellow tones 
n'ere obtained if the prints were passed through a sodium car
bonate solution between bleaching and sulfiding. 

The formation of colloidal silver sulfide during indirect toning 
is greatly reduced by immersion of the prints in a solution of 
sodium sulfide or alkaline thiourea before they are bleached. 
During t he bleaching operation, some silver sulfide is formed, 
which apparent ly prevents t he dispersion of the bulk of the silver 
sulfide produced in the sulfiding bath in t he usual manner. By 
the direcL processes, particularly hypo-nlum toning, a massive 
deposit of silver sulfide is formed which is much more purple 
than the tones obtainable by the indirect proces.'3Cs; and they are 
consequent ly preferred for ch loride and chlorobromide papers. 
The indirect processes are best for fast bromide papers, which 
tend to give too cold a tone. 

Selenium and Tellurium Toning 
As might be expected, selenium and tellurium, occurring as 

they do in the same group and subgroup of elements as sulfur, 
form equally Htable compounds with silver. Silver selenide and 
telluride, AgzSe and Ag2 Te, are permanent, dark-brown pigments 
eminently suit~tb lc a.<; substitutes for the plain silver image. 
Tellurium was probably the first to be suggested as a toner, for, 
prior to a few remarks by Thorne Baker in IOOI,u no mention 
of these elements occurs in photographic literature. Thorne 
B:\ker found that if a solution of tellurium tetrachloride pro
duced by dissolving tellurium in aqua regia is diluted and applied 
to bromide prints, toning takes place according to the equation : 

TcCI4 + 6 Ag - Ag2Te + 4 AgCI. 

The image, consist ing chiefly of silver chloride, has to be sulfided 
or redeveloped to secure permanence. 

There is this broad chemical difference between sulfur and 
its two group mates : that, whereas sulfur prders a state of 
oxida tion or combination, selenium and tellurium tend to sepa-
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rate in elementary form from slightly reducing solutions. Some 
methods of toning utilize this property; baths are compounded 
which precipitate the elements directly upon the image a.nd form 
mixtures of silver and selenium or tellmium or simply silver 
selenideor tellmide. In the patent of Rehliinder,36 (inely divided 
selenium is boiled with sodium or potassium sulfite, sulfide, or 
thionat.es; it enters t he molecule and produces compounds analo
gous to those which would be produced by boiling the same 
potassium salts with sulfur. Thus, as potassium sulfite adds 
sulfur to produce thiosulfate, so 

Sc 
---+ 

selenium is taken up with the formation of the selcnosulfat.e. 
When toning t-akes place in selenosulfate, the selenium is simply 
wit.hdrawn according to the equation 

Buffered solutions of sodium selenite in sulfite solution, if used in 
the presence of thiosulfate, form excellent d irect toning baths. 
Selenosulfate is believed to be the toning agent. The seleno
thiollates are chain compounds and are produced from alka
line sulfides, probably by absorption of oxygen upon boiling. 
Hehhinder's selenodithionate may be K0-8-Se-S- OK, 
n.nalogous to potassium t rithionate. Its toning power is similar 
to that of selenosulfate. 

Tellurium is much more difficult to render soluble. Sulfite is 
practically without aetion, but sulfide dissolves it, especially if 
fused to form a sulfotellurite. The solution a.cts like the 
sclenosulfate. 

Toning wit h these metals has been completely surveyed by 
I<ieser,341 who gives extensive patent references. Bullo<:k worked 
extensively on the practical use of t hese toners.34 



576 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

The image may be bleached in ferricyanide and bromide and 
darke ned in selenosulfate and ferrous oxalate, the latter being 
included to reduce the silver bromide. If the oxides of selenium 
and te llmium are dissolved in mineral acids, the solutions possess 
no toning powers unless they contain a second radical giving an 

' insoluble silver salt. Thus, solutions of selenium dioxide or 
tellurium monoxide in su lfuric or phosphoric acids yield no 
sclenide or telluride unless thiocyanate or bromide is present. 
The action is then 

(TeO H,SO,) + 4A" + 2 KSCN ~ 
Ag2Te + 2 AgSCN + K2SO~ + H20, 

where the acid is shown separately from the metallic oxide to 
denote that the tellu rium is in solution in excess acid rather tha n 
as a definite sulfate. Whatever the reaction, the final toned 
print has a deep brown color, colder and less yellow than that of 
sil ver su lfide. The image may be rendered permanent by treat
ment with soluble sulfide, which converts a ny silver compound to 
sulfide. Theoretically, silver selenidc is the most permanent of 
,the three compounds because it is the least soluble, but Bullock 
showed that prints treated with an additiona l sulfiding bath are 
the most permanent to bright sunlight. 

The simple colored salts of silver suffer from lack of stabili ty 
and too easy solubili ty in dilu te acids to be useful for toning 
purposes. The silver image placed in alkaline chromate solut.ion 
does not bleach unless an acid is added to combine with the 
a lkali and the reduced chromic oxide. Under these ci rcum~ 

stances, sil ver di chromate is formed, which is soluble, a nd the 
picture dissolves. The reddish sil ver arsenate may be formed 
from a slightly acidified solution containing arsenic pentox ide, 
with or without an extra oxidizing ngent. Similarl y, the buff~ 
colored sil ver phosphate may be formed from fe1·ricyanidc solu~ 
tions containing phosphate. 

Toning by Metallic Salts 

The colored mctnllic salts which may be precipitated in gelatin 
by t he agency of the silver image are legion. In general, a 
solution tones if it contains 
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(a) a radical yielding a soluble silver sa lt; 
(b) an oxidizing agent enabling (a) to dissolve the ima~(l. 

The oxidizer itself becomes reduced to a compound which 
reaets with: 

(c) a metal ion, producing a colored insoluble salt. 

The most common oxidizing agent is potassium ferricya.nide, 
which is reduced to potassium ferrocya.nide. This may be com
hined with copper sulfate to produce red and brown tones, with 
.iron cit ra te to give blue tones, or with umnyl nit rate to obtain 
other brown and red tones. Large quant ities of citrates, ace
tates, and oxalates are sometimes added to buffer the solution 
and keep the highlights clean by colloidal protection ; in fad, 
the published toning formulas sho'v a multitude of varia tions. 
The essential toning action is the formation of an insoluble 
metallic ferrocyanide. The copper formula may be taken as a 
typical example : 

4 K ,Fe(CJ\), + 2 CuSO, + 4 Ag ~ 
2 Ag2SO~ + Cn2Fc(CNh + 3 J{~F'e(CN)6. 

';('he two stages are best pictured in ionic notation, as follows : 

Fe(CN ) 6 + Ag - Fe(CN )6 + Ag. 

2 Cu .. + Fe(CK)6 --+ Cu2Fe(CN )6. 

There arc other methods of toning in which the simple salt 
comprises t he three functions (a), (b), and (c) enumerated above. 
The higher compounds of vanadium and molybdenum in con
tact with metallic silver reduce to the lower insoluble colored 
:;altsY The colored salts of nickel and cobalt have also been 
pressed into use.:~.& 

Dye Toning 

With t he advance of color photography, noht-bly in the mot.ion
picture field, and the need for producing brightly colored images 
of defini tely specified hues, the processes of dye toning have been 
used extensively . 

As long ago as 1851, Pcrsoz fixed un organic coloring mat.tcr 
by the chrome salt-s left when gelatin sensitized by bichromate 
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. is printed out under a negat ive. In 1892, Villain found t hat a 
little vanadate added to the bichromate bath hardens the gela tin 
and extends its ability to fix dyes. Such colors as aliza rine red, 
galloflavinc, and anthracene brown can be firmly fixed- not, as 
generally supposed, by retent ion in the gelatin owing to an 
a ltered physical condit ion but by absorption or combination 
with t.he chromic and vanadic residues. Richa rd 3~ originated 
t he modern method of dye toning when he showed that a de
veloped silver image can be converted to an insoluble salt having 
a mordant ing power or affinity for dyestuffs. 

The first successful exponent of the art appears to have been 
T rnubc,40 who patented " the well-known iodide process of dye 
toning. t he silver is bleached in iodine or ferrieyanide and 
iodide, washed, and immersed in a solut ion of basic dye for from 
ten minutes to twenty-four hours. The solution, which should 
contain about O. l per cent of dye, is preferably maintained 
slightly acid with acetic acid, partly because the gelat in is thus 
kept in a permeable condit ion and part ly because a basic dye 
takes best in a slight ly acid solution. A t horough washing 
removes mechanicnlly retained dyes from the highlights and, 
wit h drying, completes the process. T ypical dyes which adhere 
to the image but wash completely from the gelatin are rhodamine 
GG; acridine orange; methylene, malachite, and brilliant greens; 
methylene blue; and crystal violet. 

It was found in early work tha t appreciable quant it ies of dye 
were a bsorbed by silver iodide images only when they were 
contaminated wit h impurity. After a plain iodine bath, the 
impurity is iodide ion. In the language of Fajans and Franken
burger, t he silver iodide is converted to the iodide body . The 
iodide body fixes the dye in one or both of the following ways : 
It peptizes the silver iodide, rendering it elect rically charged and 
of enormous :mrfacc, affording both the opportunity and the 
space for the dye molecules to adhere; and it preeipitates t hose 
dyes which, like methylene blue, give insoluble iodides. T he 
hest results a re obtained if the bleaching bath contains a large 
excess of iodide. It 110t only renders the silver more receptive 
to dye fixation but increases its t ransparency by dispersion and 
solution. The use of iodide is limited only by its solvent action 
on t.he gelatin and the image. If pure dye colors, unobscured 
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by the residue of iodide, are required, fixation is employed after 
the gelatin has been dyed and hardened with tannic acid to 
prevent diffusion as the mordant is withdrawn by hypo. 

There are many extensions of Traube's method: Images of 
silver sulfide, silver, copper, and uranium ferri- and ferroeya
nides, lead, tin, cobalt, and chromium salts, among others, have 
been used to fix dyes. 

Toning by Direct and Indirect Color Development 

The produetion of dyes directly in deve lopment was suggested 
by Fiseher and Siegrist.42 This process, which is discussed at 
greater length in Chapter X, p . 393, is of especial importance in 
connection with processes of color photOJ!;raphy such as Koda.
chrome. It has all'lo been used fo r making toned prints. It 
depends upon the fact that the oxidation products of certain 
developing agents, namely, aminophenols and p-phcnylcnedi
amines, couple under suitable oxidizing conditions with phenols, 
amines, and mcthylcnic compounds, and produce dyes. A few 
equations for typical reactions occurrin g in the formation of 
various colors in dye coupling development are given directly 
below: 

Blue1'une 

2,{kii-iodo-4-
aminophenol 

Yc/Ww'l'une 

6(~: 
NH, 

dimethyl 
p-phenylene

dinminc 

naphthol 
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/led Tone 
H:C-C-CH, 

L ~ 
df'~/ 

1Q1 + Q, 
2,6-di-iodo-4- p-uitmphcnyl-3-
aminophcnol mcthyl-5-pyraw

lone 

1 
HopN=C-----C-CH1 

1 oJ: ~ 
~/ 

Q. 
A large number of dye coupling compounds have been pre-

pared, so t hat a wide mngc of colors can be obtained by proper 
selection of developing agent and coupler. Colors may also be 
b lended by the use of mixtures of couplers or processing the 
emulsion successively in two or more different dye coupling 
deve loper baths. 

The prepa ration of toned images on either film or paper by 
these reactions may be accomplished in one of two ways : (1) By 
'direct development of the latent image, or (2) by bleaching the 
black-and-white image in ferricyanide and redeveloping in the 
dye-forming solution Y 
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PART IV 

SENSITOMETRY 



CHAPTER XVI 

GENERAL SENSITOMETRY AND THE TECHNIQUE 
OF SENSITOMETRIC EXPOSURE 

The word sensitometry should be defined in general as the 
measurement of sensitivity and, as applied in photography, as 
the science of measuring the sensitivity of photogrnphic mate
rials. In pmctice, however, photographic sensitometry includes 
not only t he measurement of the sensitivity but the quantitative 
measurement of t he relat ion between the image produced on a 
photographic material and the treatment to which it has been 
subjected, induding exposure and development. 

Sensitometrie methods were introduced a.s an aid to t he prac
tical use of phot,ographic m:tterials. For many yeftrs, however, 
the knowledge and appreciation of the value of sensitometry and 
its applications were confined to those engaged in the manufac
ture of photogra.phic materials and those studying the scienee 
of photo~raphy or the applica.tion of photographic methods for 
making quantitative measurements. During the last twenty 
years, the ut">ers of photographic materials have become more 
interested in the control of their operations by sensitometric 
methods, and this has been true espeeially of the laboratories 
of the motion-picture industry in whieh the fi lms are developed 
a nd printed. Sensitometry is still of the greatest importance 
to the manufaeturers of photographie materials and to those 
engaged in the study of photographie seience. 

The simplest, method of measuring the sensitivity of a photo
graphic material is to give it a graduated series of ex posures and 
to observe the least exposm·e 'vhich produces a visible deposit 
after development. Even such a simple procedure, however, 
involves four fundamentals: a standard light, a method of pro
ducing a graduated series of exposures, a method of development 
under standard eondi l.ions, and a method of judging what a 
1!isiblc deposit is. The shwdardization of the determination of 
the threshold speed is discussed by Bullock.1 

587 
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Soon after the int roduction of dry plates, photographers felt 
an acute need for a method of measuring sensitivity. The 
methods adopted were based upon actinometers used to deter
mine the actinic intensity of the light used in printing processes. 
A number of actinometers or photometers had been designed 
pa rticularly for usc in the carbon process and consisted generally 
of a series of superposed layers of paper with numerals printed 
on them. When the carbon t issue was exposed under the nega
t ive, a piece of albuminized paper was exposed simultaneously 
under the actinometer and t he exposure continued until anum
ber corresponding to an estimate of the density of the negative 
was printed visibly on the albumin paper. For comparing the 
sensitivity of negative plates, similar actinometers made up of 
layers of paper were used, and to these the term sensitmneter 
was applied. 

I n 1881, a committee of the" Photographie Club" in England 
was formed to choose a standard sensitometer. That adopted 
was t he one suggested by L. \Varnerke and consisted of a glass 
plate having on its surface twenty-five squares steadily increas
ing in opacity. These squares were formed as a cast in gelat in 
from an original produced by superimposing sheets of paper, the 
easting method being that known in photography as TV oodbury
type. The proportion of neutral black and gelatin used for 
making the cast was intended to be such that an increase of 
three numbers would represent a halving of the light ; the actual 
tablets made, however, probably approximated to this only very 
roughly. As his standard light source, Warnerkc used a phos
phorescent plate made from calcium sulfide which was activa ted 
by burning an inch of magnesium ribbon close to it and waiting 
sixty seconds before giving an exposure of sixty seconds with the 
graduated tablet in contact with both the phosphorescent plate 
and the material to be tested. 

Before t he introduetion of this instrument, the speeds of gela
tin dry plates had been stated generally as a multiple of the 
speed of a eollodion wet plate taken a..<; a standard ; and plates 
were stat-ed to be 30, 40, 50, or 60 times as fast as a wet plate. 
After the general adoption of the Warnerke sensitometer, the 
sensitometer numbers were often marked upon boxes of plates, 
so that a plate might be marked "Sensitometer No. 19." T he 
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identification of brands of plates by numbers probably owes its 
origin to this early method of designating plate speed. 

A revival of the ¥larnerke sensitometer was found in the 
photographie plate tester suggested by Chapman Jones,2 in which 
a series of brradcd densities, prepared by casting gelatin as in 
the Woodburytypc process, was combined with some colored 
filter patches to fumish an indication of the color sensitivity of 
the pla.te. The light source used with the Chapman Jones plate 
tester was a standard candle. 

In 19HJ, Eder 3 introduced the Eder-Hecht wedge, first pro
posed by Goldberg,4 in which a continuous wedge of neutral 
tinted gelatin is employed, color filters being superimposed upon 
it at the sides and a scale of numbers being printed on it to 
identify the density at different points. On each Eder-Hecht 
\vedgc is marked a wedKe constant, \vhich specifies the change of 
density for 10° (1 em.) of the wedge, and in the so-called normal 
instrument this wedge constant is stated to be 0.401. It is 
probably necessary to determine the wedge constant of eadt 
instrument experimentally. The density characteristics of the 
Eder-Hecht wedge were studied by Hnatek." 

While other instruments of the same type have, no doubt, 
been used, the Warnerke sensitometer, the Chapman Jones pla.te 
tester, and the Edcr-Hccht wedge are fairly representative of 
sensitometric tablets. 

The first photographic investigator to place his measurements 
on a strictly quantitative basis was W. deW. Abney, who gave 
plates a graduated series of exposures, measured the transpar
eney of the deposils obtained after development, and plotted 
curves of the relation between the transparency and the exposure 
(Chapter V, p. 200). The foundations of modern sensitom
etry, however, were laid by Hurler and Driffield in their paper 
of 1890 entitled "Photo-Chemical Investigations."* In order 
to usc their exposure caleulator, \vhich they termed an actino
graph; they fou nd it necessary to determine the sensitivity of 
the plates which they used, and they began a series of researches 
which were publ ished in the paper me~1tioned above. They 

"Thi~ t<c~-ount of HurtPt and Driff.eld'H work o •·erlu[\8 tha t gi,·en in Chapter V, p. 201. 
An account of the same work in relation to development i~ given in Chapter XI. p. 402. 
This ret>etition !l<-"-'nl" necess:~ry owing to the great importance of the work and the different 
viewpointainvolved. 
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established first t he relation between the mass of silver deposited 
in a negative and the light t ransmitted by it and found that the 
logarithm of the reciprocal of t he transparency, which t hey 
termed the density, is proportional to the mass of silver per unit 
area.* As a light source, they adopted at first t he standard 
candle; in their la ter work, the pentane lamp. Graduated expo
sures were made by means of a rotating sector wheel in which 
successively increasing angular apertures had been cut, and the 
density of the developed plaWs was meas ured by means of a 
short bench photometer using a grease spot or, later, a Lummcr
Brodhun head. 

If t he density of the developed image is measured and plotted 
as a function of the logarithm of the exposure, the characteristic 
curve shown in F igure 214, p. 700, is obtained. An appreciable 
port.ion of the D logE characteristic curve of most, photographic 
materials is (within the limits of experimental measurement) 
a straight line, which in the case sho\\-n extends from A to B. 
This is known as t he region of correct exposure, because the 
density is directly proportional to the logarithm of the expo
sure, and t he exposure values rendered on this port ion of the 
c'Urve are directly proportional to the corresponding brightness 
values in the object. In the lower portion of the curve, C to 
A, this direct proportionality does not exist; this region is 
referred to as t he underexposure region, or toe. Likewise, in 
the upper portion of t he curve, B to D, the direct propor
t iona lity between density and the logarithm of the exposure i'l 
not maintained, and this region is commonly referred to a.-; 
the overexposure region, or shoulder, of the curve. When the 
straight-line portion of this curve is extended to meet t he expo
sure axis, the point of intersection (X) is (termed by Hurter and 
Drifricld) t he inertia point. They found that, for the devel
opers they used, containing no free bromide, this point re
mained unaffected by the t ime of development; and they 
regarded it as a characteristic of the material. Hurter and 
D riffield, therefore, defined the speed of a photographic ma
terial as t he reciprocal of the inertia multiplied by 34, t his 
constant being selected for use with the actinograph to give 
suitable exposures. 

• But, 1100Cha1lter Y, p. 226. 
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The ' 1 H and D speed" thus measured was slowly adopted by 
photographic manufacturers as a measure of the sensitivity of 
t heir products, and it finally became customary in England to 
mark a number, supposed to be measured according to the 
!Specifications of Hurter and Driffield, upon boxes of plates. The 
numbers so published, however, were not always determined 
according to the specifications laid down by Hurter and Driffield 
and, in some cases, at any rate, must be considered actually 
misleading. 

I n Germany, the first commercia l rating of photographic 
plates was in degrees Scheiner. The Scheiner sensitometer was 
in troduced by Professor J . Scheiner 6 and used by him for t he 
dete rmination of the threshold sensitivity of plates used for 
astronomical photography. The original design was modified 
by Eder, 7 who worked out a complete system of sensitometry 
based on the usc of the characteristic curve, the density being 
p lotted against the logarithm of the exposure. The light source 
was a kerosene lamp with a flame of constant height, from which 
a portion was selected by a horizontal slit. Its intensity was 

, 1 ~. 2 Hefner candle or, since the Hefner candle = 0.9 interna

tiona l candle, the candle pmver was O.OGS. This lamp was 
placed one meter from the exposure plane, and the sector wheel 
was rotated for 60 seconds at 400 to 800 r.p.m. In the sector 
wheel (Figures 153 A, B ), each successive aperture decreases in 
the ratio of 1 to 1.26, so that the aperture marked 11 gives 10 
times less exposure t han the aperture marked 1, and a n increase 
of three steps corresponds approximately to a halving of the 
exposure. The total exposure time for the number 1 step is 
16.6 seconds, and the exposure for this step is, t hus, 1.14 m.c. s. 
A material having a Scheiner speed of 20° is, t hus, one having 
a threshold sensitivity (to light of the quality of a kerosene 
fin me) of 0.0 II m.c.s. 

The use of the Scheiner degrees for rating photographic mate
rials in Germany had the same fate as that which befell the 
commercial application of the Hurter and Driffield speeds in 
England. Manufacturers found it necessary to mark their rna~ 
terinls with ever-in creasing speed numbers because of t.he com
mercial and advertising value which became attached to high 
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' speed ratings until, eventually, t he system became discredited; 
t his is often referred to by German writers as the "Scheiner 
inflat ion. '' 

T o deal with this unsatisfactory situation, a committee in 
Germany worked out, in 1931, the method which has become 

B 

FJG. 153. Scheiner sensitometer : A, original form; B, as modified by Edcr. 

known as t he DIN System.8 I t has been adopted as the German 
national standard system of sensitometry, hut it has not been 
approved by other coun tries. In carrying out the method, a 
plate or film strip is exposed in a sensitometer behind a neutral 
gray step tablet having 30 steps and a density increment of 0.1 
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from each step to the next. Each step carries a number equal 
to its density. Exposure is nonintermittent and, in the ap
proved apparatus, is achieved by allowing a metal plate having 
a slit in it to fall in front of the test strip. The exposure t ime 
is 1/ 20 -of a second, a nd the light source is the 
Davis-Gibson light source-filter combination ap- r· 
proved by the International Congress of Photo
gTUphy. After exposure, the strip is developed 
in a specified metol-hydroquinone developer for 
such a time and temperature that the maximum 
speed number is attained. The speed is specified 
as "Degrees DIN" and is determined by select-
ing the step on t he test strip at which the density 
is 0. 10 higher than the neighboring fog density. 
Figure 154 shows a print from such a test strip. 
If the number on the strip is, say, 1.4, then the 
sensitivity is indicated as 14/ 10° DIN. 

A serious objeetion to this system lies in the 
fact that very frequent ly, to attain t he maximum 
speed number, development must be carried to an 
extent which gives contrasts much higher than are 
used in normal practice. As will be seen lat-er, 
the relative speed values obtained by this method 
do not agree with practical results as closely as 
the results given by later methods (Chapter 
XIX, p. 727). 

An appraisal of the applicability of these 
various methods to rating t he sensit ivity of pho
tographic materials involves the whole question 
of tone reproduction and of t he interpretation 
of the resul ts of precision sensitometry and must 
be deferred to a later chapter, in which those 
problems are discussed. F irst, however, it is de
sirable that the experimental methods used in 
the determination of the sensitometric character-
istics should be dealt with in detail. 

Fw. l 54. De
veloped test 
strip fo r the 
DIN system. 

. The transition from the early methods of judging sensitivity 
by exposure to a graded tablet to precise sensitometry based 
fundamentally upon the methods of Hurter and Driffield involves 
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' five standardized conditions: (1) A light source emitting radia
tion of known intensity and spectral composition; (2) a means of 
producing graded exposures of known relative values; (3) stand
a rdized development conditions; (4) a method of measuring 
accurately the quantitative val ue of the developed image; (5) a 
method of interp reting the resu lts either in the form of curves, 
numerical constants, or other suitable methods of expression. 

SENSITOl\1ETERS 

Instruments for impressing on a photographic material a series 
of precisely known graduated exposures are called sensitometers. 
The essentia l elements of a photographic sensitometer* are shown 
in Figure 155, which represents a schematically generalized dia-

FIG. 155. Essential elements of a sensitometer. 

gram. A light source of known luminous intenst:ty emi tting 
radiation . of known spectral composition is represented by S. 
This is placed at a fixed distance from the exposure plane, R. 
T he surface of the photographic material, P, to be tested is 
made to coincide with this exposure plane , being held therein 
by some convenient arrangement. Between the exposure plane 
a nd t he light source is located an exposure-modulating device, 
M . T he effective size of the light source and the distance are 
usually so chosen that the illumination incident upon the expo
su re pla ne can be computed by means of the inverse square law, 
the luminous intensity (candle power) of the source being known. 

• Encloacd instruments. incorporating the light 110urcc. c~po!lure morlulator, and mat& 
rial holder. Huitable for usc in alighted room , wereintrodueed by Sheppard and Mce~>.' 
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:Moreover, the size of t he photosensit ive surface to be illuminated 
as rela.tcd to the distance should be such that the illumination 
is the same at a ll points on the photosensit ive surface to be 
exposed . Under t hese conditions, assuming t hat the exposure
modulating device is removed, the entire surface of the photo
sensitive material will be uniformly illuminated; and, if the 
illumina.t.ion originating at the light source is allowed t.o act. for a 
fixed time, every point on the photosensitive surfaee will receive 
the same exposure. The function of t he exposure modulator, 
Jf, is to alter thi.s condit ion in such a manner tha.t various areas 
of t he photosensit ive surface are subjected to a series of different 
exposures which can be precisely predetermined. 

Light Sources 

The characterist ics of the light source used for the determi
nat ion of speed values arc of uimost importance. I ts luminous 
intensity must be precisely knovm, and it should be possible to 
maintain this at a constant value over long periods of time. Of 
equal, or perhaps greater, importance is t he spectral compooit-iun 
of the radiation emitted by t he source. T his a lso must be accu
rately known, const.ant , and of very definite qua lity, if the final 
results are to be of practical usc. 

In selecting a light source for phot ographic sensitometry, it 
was quite natural that workers in t his field should turn to 
standard light sources that had already been developed for the 
establishment of the unit of luminous intensity. I n Great Brit
a in, a standa rd candle, the British Parliamentary Candle,10 was 
defined in the Metropolitan Gas Act of 18()0 and for many ycn.rs 
was the offici:\lly accepted unit of luminous intensity. This 
candle was made of spermaceti wax to specified dimensions and 
had a wick of specified material and Hize. Operated as a stand
a rd candle, it burned 120 grams of spermaceti an hour. I n their 
early work, Hurter and Driffield 11 adopted this unit of luminous 
intensity a.<; the light source for sensitometry. T he standard 
candle did not continue to meet t he requirements a.<; a standard 
of luminous intensity on account of its lack of reproducibility. 
It was superseded (1898) by t he pentane lamp devised by G. A . 

. Vernon-H arcourt.,12 which burns a mixture of pentane vapor a.nd 
air in a wickless burner. In the final form which was adopted 
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in England as an official standard for testing illuminating gas, 
a larger form was used, which gave a luminous intensity of 10 
candle power. This source was used by Hurter and Driffield in 
their later work. In Germany, the Hefner lamp, which was 
invented in 1884 by F. von Hefner Alteneck/3 was adopted as 
the official unit of luminous intem;ity and is still the official 
standard in that country. This lamp, the protot,ypc of which is 
maintained by the Physikalische Reichsanstalt, burns pure amyl 
acetate. In Germany, Scheiner and his followers adopled this 
light souree for use in photographic sensi tometry though Eder 
replaced it by the flame of a kerosene lamp (p. 591) . 

In 1895, Violle 14 proposed t he usc of an acetylene flame as 
a standard of luminous in tensity, and this was employed by 
Sheppard and Mees Jb in their investigations. The first burners 
used gave a flat (fish-tail) flame, and in front of this was plaeed 
a shield with a square opening. This burner did not prove 
satisfactory beeause it was very sensitive to air drafts and to 
the pressure of gas. Sheppard and 1\'lees v therefore adopted a 
type of acetylene burner giving a cylindrical flame similar to 
that suggested by FCry .16 The brightness varies somewhat from 
top to bottom; but, of a considerable port ion, approximately 
halfway between the tip and the base of the flame, the luminous 
intensity per unit area is very constant . If a screen or dia
phragm is placed very dose to the flame itf;elf, a section can be 
isolated which serves as a fairly satisfactory standard light source. 

The characteristics of this light were investigated by Jones,17 

who found that by setting the window at the proper height above 
the burner tip and operating the flame at a pressure of 9 em. of 
water, its sensitivity to changes in gas pressure is slight, being 
only O.Hi per cent for a change in gas pressure of 2 per cent. 
A cross section through this burner with its protecting hood and 
the re-entrant window for the isolation of the most satisfactory 
part of the flame is shown in F igure 156. Long experience has 
shown that this burner, if properly operated, is sufficiently pre
cise and reliable fo r purposes of photographic sensitomet ry. It 
is not a reproducible standard and hence must be calibrated by 
comparison with certified standards of eandle power obtained 
from standardizing laboratories, such as the National Bureau of 
Standards or the National P hysical Laboratory. It has one 
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' advantage over standardi zed electric incandescent lamps in that 
the equipment required for the operation of the source under 
controlled conditions is very simple, consisting only of a water 
manometer and need le valve, by means of 
which the gas pressure can be maintained at 
9.0 em. of water. The acetylene gas supplied 
to the burner must, of course, be carefully 
purified and free from water vapor. Expe
rience has shown that generators in which 
the calcium carbide is added to the water 
are more satisfactory than those in which 
the water is added to the ca rbide. This is 
due probably to the fact that in the former 
case the gas is generated at a lower tempera
ture than in generators of the second type 
and, hence, the admixture of impurit ies is 
somewhat less. Another great advantage of 
the acetylene flame is the fact that, under 
the controlled conditions specified above, it 
emits light of constant spectral composit ion. 
It is only necessary, therefore, to standardize 
the source as to its luminous intensity. 

An important advance in the standardiza
t ion of the unit of luminous intensity was 
made in 1900, when, as a result of interna
tional agreement between the standardizing 
laboratories of Great Bri tain, France, and 
the United States, a group of incandescent 
electric lamps were specified as having defi- Fw. 156. Standard 
nite candle-power values. These lamps, of acetylene burner. 
course, were not primary standards of lu-
minous intensity, since they were not reproducible to specifi
cations and none of the lamps actually had a candle power of 
one international candle. In effect, therefore, the unit of lumi
nous intensity, the internationa l candle, was a unit of arbi
trarily chosen magnitude (equivalent approximately to the 
discarded British stanQard candle), which was maintained by 
means of these carefull y preserved groups of standardized incan
descent lamps. Germany and other countries which had adopted 
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the Hefner standard continued to use that unit. It was agreed, 
however, to take the value of its luminous in tensity as exactly 
0.9 of the international candle. 

For various reasons, all t he standards mentioned thus far have 
been unsatisfactory; the Harne standards because of their luck of 
reproducibility and the incandescent tungsten lamps because 
they could not be reproduced to specifi cations. It has long been 
rea lized that, if certain technical difficulties cou ld be overcome, 
a black body radiator would make an ideal canclk>-power standard 
because such a radiator is independent of the matedal of which 
it is coni:ltructed a nd depcnd.'-J on ly on its tem perature. These 
di fficu lties were overcome a nd, in H)40, by international agree· 
mc nt, t he standard of luminous intensity became a black body 
operating at the tem perature of freeziHg platinum (204G.G° K.). 
Such a black body has by definition a b t·ightness of 60.0 new 
candlcs/ cm.2 The Hefner candle continues to be exactly 0.9 of· 
th is new international candle. This change in standards makes 
li ttle practica l difference because the new cand le is slightly less 
t han 2 per cent brighter than the older candle bnsed on the 
incandescent lamps, a difference only sl ightly greater than the 
limits of photometric error. 

In practice, either for practical photometric measurements or 
for usc in sensitometry, carefully calibrated electric incandescent 
lamps are superior to any other form of illumination because of 
the lack of reproducibility of the flame standards and the experi
mental difficulties involved in setting up a black body standard. 
The tem perature at which an incandescent filament operates is, 
of course, dependent upon the impressed voltage. Since the 
quality of radiation emitted by a n incandescent sol id is depend· 
ent upon the temperature of t hat material, it follows that the 
spectral composition of the radiation emitted by an incandescent 
lamp depends upon the current flowing through the fi lament. 
In using calibrated incandescent lamps for photometric mens· 
urements, it is necessary, therefore, for their calibration to 
include not on ly thei r luminous intensity but also the tempera
ture at which they operate. 

While many modern incandescent t ungsten lamps operate at 
filament temperaturei:l as high as 3400° K., it is impossible to 
calibrate them satisfactorily at such a temperature. T he lamps 
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' previously used by the national standardizing bureaus for the 
maintenance of the international candle were operated at fi la
ment temperatures not much in excess of 2400° K. The effec
tive equivalent temperature of sunl ight at the earth's surface is 
a pproxima tely 5400° K. I t is obvious, t herefore, that with elec
.trie lam ps it is impossible to obtain radiation approximating in 
qual ity that of sunlight. 

The qua li ty of the radiation due to the incandescence of solids 
such as a tungsten fi lament 01· the finely divided carbon particles 
in a flame can be defined as the temperature of a blaek body 

TABLE LXII 

(:own TDIPEIIAT Um: VALUES OF PHOT0Mt:TIIIC J3TANDAIIDS A:-;"0 PII ACl'ICA/, 

l .. lGHT Sounct:.'S 

A. Stand<:mls of/,umiTWWl lrnensity 

Source 
Standard Briti8h Candle 
Hefner Lamp 
Hurcourt Pentune 
Acetylene (E. K . SL'lndard) 
Iru:o.ndcscent Carbon (4 w.p.c.) 
I ncundc~t-ent Tung.;tcn (1.25 w.p.c.) 
Black Body at Fret:'r.ing Point of Platinum 

B. Sta.rv.lard~ of Spectral Quality 
Sunlight (Washington Mean Noon) 

lntcmational Commission of Illumination 
JlluminantA 

l ntcrnationul Commission of Illumination 
lllumiaant B 

lntcmational Commission of Illumination 
lllu rnin:lntC 

C. Prw·tical Sources of!Uuminalion 
Noon Sunlight 
Dayli~~;ht 

Skyli,r~;ht 
Crutcr uf Carbon Arc (ordinary hard cored) 
White Ji'Jarnc Carbon Arc 
High lnt.cnslty ('o.rbon Arc (sun arc) 
4Q-w:t1.t Tunw;tcn Incandescent Lamp 

10.7lumcn~/watl 
.".OO..watt Tung.;tcrt Jncundcbccnt L:unp 

19.G lumens/watt 
1.">(l0-wrrtt Tunw;tcn Incandescent 1A'!.m p 

22.0 lumcn~/watt 
1000-watt T ung><tr·n Inc!Liulcsccnt Phntoflood 

3Ui lumcn~/watt 
2;",0...wattTtmJ.,r;,:tcn Jncandto;ocent P hot.oflood 

3i'>.S Jumcn~/wntt 

Culvr 
Temperature 

HJ30° K. 
1880• K. 
1920° K. 
2415° 1(. 
2080° K. 
2400°K. 
204G.G0 K. 

5400° K. Photographic 
Standard 

2848° K. Vis. Tungsten 

4800° K. Vis. Sunlight 

G[)()()0 K. \'iH. Daylight 

5400° K. 
6500° K. 

12,000 to Js,oooo K. 
4000°}(. 
5000• K. 
55000 K. 

2760° K. 

zooo•K 

3225° K. 

33600 K. 
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which has the same distribution of energy in the visible spectrum 
as the source under consideration. This is known as the color 
temperature of the source. In Table LXII are given the color 
temperatures of various standard light sources which have been 
used in photographic sensitometry and also those of various 
sources used in practical photography. 

The basic renson it is so important that the spectral com
position of the radiation emitted by any source to be used as 

O. ~ .-.,..- --, r---- VISIBLE RADIATION 

v~N 

'" WJWE LENC.TH IN '"f 

FIG. 157. Spectral sensitivity curves of the eye and of three typical 
photographic materials. 

a standard of photographic intensity shall be known and appro
priate is that photograp hic materials do not have the same 
spectral sensitiv ity as the retina of the human eye, which is used 
in the evaluation of the luminous intensity of any light source. 
:Moreover, the spectral sensitivities of photographic materials 
differ enormously among themselves (Chapter XXIII). Fig
ure 157 shows the spectral sensitivity curves of three typical 
photographic materials, namely: A, ordinary or blue-sensitive 
materials; B, orthochromatic, blue- and green-sensitive mate
rials; and C, a panchromatic material. Dis the spectral sensi
tivity curve of the average normal human eye, this curve being 
frequently referred to as the visibility curve. 
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The sensitivity of a photographic material is expressed in 
terms of the exposure which produces some definite response. 
Exposure is expressed in terms of illuminn,tion units, e.(h meter
candle-seconds, the "candle" being measured visually. Jn Fig
ure 158, Curve A. shows the energy diHtribution in average uoon 

. sunlight ; Curve B, the spectrn l sensitivity curve for ordinary 
blue-sensitive material ; and Curve C, the visibility fund.ion for 
t he human eye. If the ordinates of Curves Band C arc multi
p lied by those of Curve A, the curves shown in Figure 15!) are 
obtained, of which t he relative areas indicate the rela t ive effec
t iveness of the s..'l.me light source (sunlight) for the eye (Curve H), 
and for t he blue-sensitive materials (Curve A). lt is seen that 
the relative effect iveness of two light sources depends upon their 

TABLE LX III 

T m: J·:l'•·•:e-r o~· Cou.11' 'l'Jo:M I' t: HATUIIJo: m· .ST.o.Nn.o.Hn Sot:IICER UI'QX Srv.Ru 
VALC F.s OF V.o.mou~ PH<rrrwnAPIIIC to.'I ATt:nt .o.1~~ 

Color Temperature of Source 

5000° r.:. Z:.kJO~ K. 
Material& 1/i RS 1/i RS t1RS(%) 

Ordinary (;3 100 1S 100 00 
,Orthochromatic 42 07 l7 "1 + '10 
Panchromatic 33 52 l7 !)! +81 

3.;) 

Vi 
1.0 

energy distributions (color temperature) and upon the speet.ml 
sensitivity of the materials. In Tahle LXIII a re shown relat ive 
speed value..-; a.-; determined with a 2anoo I<. som cc and a 50()()0 .K. 
source for three materials dillerinf,!; in color sensitivity . The 
ratios of the speed values of the materials for the two sources 
arc shown in <:olumn P. 

The spe<:tral sensit ivity of different materials classed ordi
naril-y as bluc-scn~itive (that is , non-color sensitized) varies sufli
ciently to show serious differences in speed if measurements are 
made with sources of low and high color temperature. T his i'> 
illustrated in T a.hle LXIV. A standard for use in sensitometry 
must therefore he of such a quality that the values of sensitivity 
obtained will he most usefu l for the purpose for which the work 
is being done. ' Vhile, undoubted ly, a la rge proportion of photo
graphic material is exposed under artifici:1l light ing, it seems 
proba ble that a larger proportion is exposed to light of sunlight 
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quality. Moreover, many of t he a rt ific ial sources arc of t he high 
color temperature type, such, fOI' instance, as the flame arcs. 
For the sensitomet ry of negative materia ls, it is therefore highly 
desirable to adopt a source of high color temperature duplicating 
as dosely as possible mea n noon sunlight. 

Reference to tbc table of color temperatures (Table LXII) 
shows that no sat isfactory standard of luminous intensity is 
avaihlble which even remotely approaches sunlight in spectral 
composition. It is necessary, therefore, to usc a selectively ab
sorbing filter between the light source and t he exposure plane. 

TABLE LX IV 

Color Temperature of Source 
Ordi1mry 

(llluNJtnilitit·e) [,()()(/' 1\. 2SfJU" K. 
Material.'l 1/ i RS 1/i RS Ll.llS(%) 

A 133 100 IS 100 00 3.5 
B 63 1\\0 15 "" - 17 4.2 
c "' 70 18 100 + 27 2.S 
D 46 73 16 89 + 22 2.9 
E 44 70 j.j 7S +II 3.1 
F 23 37 8 44 + 19 2.9 
a 10 16 4 22 +37 2.5 
II 3.5 5.6 1 2 fi.7 +IS 2.9 

For many years , t he cylindrical acetylene flame standard, pre
viously mentioned, was used in combination with a dyed gelat in 
fi lter (Wm.tten No. 79) . The radiation from this source-filter 
combina tion ma tches very closely in color that from noon sun. 
Spect rophotometric examination of the tntnsmitted radia tion 
shows that t he match is only a subjective one and that there is 
an apprecia ble departure from the aetua l spectral dis tribut ion 
of radiation in mean noon Hunlight . The departure, however, 
is not serious from the practica18t.andpoint; in fact, speed values 
determined wit h this somce-filtcr combination using materiuls 
differing widely in spectral sensitivity agree very well with speed 
values determined by using actual sunlight. T he fi lter men
t ioned is very stable, bu t it is not precisely reproducible as a 
primary sta ndard. It was, therefore, a nota ble advance when 
Davis and Gibson I ll developed a liquid filter consist ing of two 
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solut ions which, combined with either acetylene or a standard 
tungsten lam p operating at 2360° K., duplicates mean noon sun
light very precisely. In Figure 160, curve '1' shows the spectral 
transmission of this filter. If the fi lter is used with an incan
descent tungsten lamp operating at a color temperature of 
2360° K. (or with the standard acetylene burner) having the 
distribution of energy shown in Curve E, the spectral distribu
tion is that indicated by the small circles (Figure 160) . The 

'" 
3 tOO 

50 

500 
w._w: L~nglh -- mitl>fi'UCrons (mf' ) 

Fro. I GO. Spectral quality of sunlight and screened tungsten. 

solid curve, designated as E', represents the spectral quality of 
mean noo n sunlight at the earth's surface. It is seen, therefore, 
that the source-filter combination gives a good approximation 
to radiation of sunlight quality. These fi lters are reproducible 
with high precision and have good stability. They represent, 
in fact, the most satisfactory means of realizing in the laboratory 
radiation of sunlight quality for sensitometric purposes. 

The International Unit of Photographic Intensity 

The International Congress of Photography for some years 
attempted to standardize a satisfactory unit of photographic 
intensity. Finally, at the seventh congress, which met in Lon
don in 1928, a resolution was passed adopt ing a 2360° K. source 
screened with the Davis-Gibson liquid fi lter as a means of 
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realizing the international unit of photographic intensity, which 
is defined ag one visual candle power of radiation of the quality 
emitted by the source-filter combination mentioned above. The 
Davis-Gibson filter for use with 2360° K . source is made accord
ing to the following formula: 

Solution A 

Copper sulfa te 3.707gm. 
(CuSOd iH.O) 

l\lannit c (CJls(OH ).) 3.707 gm. 
Pyridine (C .-FI. i\") 30.0 cc. 
Water (d istilled) 00 

ma ke 1000 

Cobalt ammonium sulf:1tc 
(CoSO, · (i\H ,).S0,·6H.0) 

Copper ~ulfate (CuSQ,. foH::O) 
Sulfuric ncid (!!p. gr. 1.835) 
Water (distilled) W make 

THE MODULATION OF EXI'OSU H.E 

26.827 gm. 

27.1SO J!:m. 
10.0 cc. 

1000 cc. 

Since exposure may be modulated by control of either the 
intensity of the light or the time of exposure, sensitometers may 
employ either an intensity scale or a time scale. The earliest 
sensitometers employed an intensity scale; thus, the Warnerke 
tablet was made of squares of pigmented gelatin forming a scale 
of densities. 

Optical Wedges 

Optical wedges and light-absorbing tablets, made by casting 
gelatin containing dyes or colloidal carbon, can be used for t he 
modulation of exposure in sensitometers and the measurement 
of light intensities in photometers and deusitometers. T he prob
lem in their usc is to modify the intensity in a known manner 
through a wide range without affecting the quality of the light 
transmitted. In practice, this is a lmost impossible ; even if 
wedges are uniform in absorption for visible light, they almost 
always show selectivity in the ultraviolet and infrared. Con
sequent ly, when heterogeneous light is used, there is some doubt 
as to the real absorption coefficient; it must be determined photo
graphically with light of the same composit ion as that employed 
in the photometric work. A change of absorption with wave 
length is of small importance in work on the spectrum, since it 
is easy to employ a different constant for each wave length. 
For work in the ultraviolet, it is necessary to use quart z instead 
of glass to hold the gelatin wedge, and Toy 19 showed that such 
wedges could be used to about >.300; but the absorption cocffi-
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cient increased so rapidly with decreasing wave length that 
they were useless at shorter wave lengths. However, absorbing 
wedges have been made, of which the constant changes slowly 
with wave length 211 and which can Le used down to A240. 

The use of absorbing media has been studied very extensively 
by Dobson, Griffith, and Harrison.21 They employ an opt.ieal 
wedge which may consist of a ·wedge-shaped piece of neutral 
gray glass cemented to a similar piece of clear glass to form a 
paral lel plate or may be made of gelatin containing either a 

· mixture of dyes approximating a neutral gray or metallic silver. 
The theory of t he optical wedge as stated by Dobson, Griffith, 
and Harrison is as follows: 

"Consider first a layer of absorbin!-!; material of unit thickness, 
and let [ 0 be the intensity of radiation incident normally on the 
layer. Suppose that in pas~ing through the layer 10 is reduced t.o 
Alo, where A is some fraction depending on the material and the 
wave length of the radiation . Eaeh unit thickness of the medium 
reduces the intensity of the radiation which pusses through it by 
the fraction A, so that after passing through x units. l o becomes 
A~Io; and 

where 
I = I oiO-..z 

I 
a = log A, 

a is the absorption coefficient of the medium for the given wave 
length. 

""Now consider radiation passing normlllly through the wedge. 
"At one extreme end of the wedge, the thiekne~s of absorbing 

material is zero (neglecting the absorption of the glass), so that the 
radiation passes through unchanged in in tensity. nut at a distanee 
y from this end the radiation passes through a thickness x which is 
proport ional to y. Therefore, 

1 = l oX IO- az = l o X JO-K~ 

log I = log Io - Ky. 

K is called the wedge constant." 

The preparation of neutral wedges was brought to the general 
attention of the scientific world by a paper published by Gold
berg in 1910.4.22 They were made of a suspension of Winsor and 
Newton'::; lampblack water color in gelatin. A prismatic mold 
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is made of two pieces of glass allowed to make contact at one 
end and separated at the other by a small strip of glass of any 
required thickness, a convenient thickness being one millimeter. 
One of the glasses is coated with a solution of collodion or, better, 
albumin, and the dyed gelatin is allowed to penetrate between 

· the two glasses, which are then chilled, so that the gelatin set.s 
hard. The glass ean t hen be removed from one side and the 
wedge dried. A romplete description of the method is given by 
Goldberg in his book on tone reproduction .z:~ 

:Ma teria ls for usc in making neutral wedges have been studied 
by Ventman.N .Mixtures of dyes were found to be satisfactory 
throughout the visible spectrum ; but below 440 InJ.t the absorp
tion increases considcmbly, while above 700 m,u it dimin
ishes rapidly. Graphite wedges, con::;isting of highly dispersed 
graphite particles not larger than 2 1.1. in very dilute gelatin 
solutions containing a litt le ammonia, are useful throughout 
a wide range. The deviation from neutrality is 7 per cent at 
the shortest wave lengths but less than 2,!1 per cent in the 
deep red and infrared regions. Graphite introduces some 
scattering. 

For much photographic work, it is convenient to usc wedges 
eonsisting of a photographic image. T hese may be prepared 
by printing from an optieal wedge on a material having a long 
straight-line portion to the characteristic cmve, which can be 
determined by direct sensitometry, and developing the materia l 
as closely as possible to a 'Y of unity. Such wedges are, of course, 
identicnl in spectral distribution of absorpLion and scattering 
power wit h a photographic image on the same material devel
oped in the same way. (If developed with metol-hydroquinone, 
they will be very nearly neutral throughout the visible spectrum 
and the nca.r ultraviolet.) Such photogra.phic wedge:; must 
a lways be calibrated in situ before use. 

SE~SITOMETniC I NSTllUl\IE:'-lTS 

L. A. Jones has elnssified the instruments used for exposure 
i 11 sensitometry i11to intensity-seale and time-scale sensitometers, 
subdivided according to the eontinuity or intermittency of the 
exposure and, finally, according to the usc of continuous or 
stepped exposure scales : 2~ 
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Type I. Intensity-Scale (Sensitometers) 
I variable, t constant 

A. Exposure intermittent 
1. Wedged exposure 
2. Stepped exposure 

B. Exposure nonintermittent 
1. Wedged exposure 
2. Stepped exposure 

Type II. Time-Scale (Sensitometers) 
I constant, t variable 

A. Exposure intermittent 
1. Wedged exposure 
2. Stepped exposure 

B. Exposure nonintermittent 
1. Wedged exposure 
2. Stepped exposure 

A Type II-B sensitometer is, therefore, a nonintennittent time
scale instrument. 

Time-Scale Sensitometers 

Time scales may be impressed either by continuous or inter
mittent exposures. The continuous exposure methods have 
many advantages but the disadvantage that the light source 
must be kept constant throughout the time of exposure. With 
the usc of intermittent exposures, such as are given by a rotating 
sector wheel, long-period variations of the light source are of 
little importance, since they act upon the whole of the strip at 
the same time and do not affect the shape of the curve. The 
difficulty of obtaining light sources which did not vary in inten
sity induced Hurter and Driffield to adopt the rotating sector 
wheel; the use of a candle made it difficult to give a series of 
successive time exposures with any great precision. A charac
teristic Hurter sector wheel is shown in Figure 161. Each suc
cessive aperture is half the size of the preceding one, so that the 
innermost ring gives an exposure of half the total exposure; the 
next one, one quarter; the next, one eighth; and so on, there 
being nine sectors in all. Such a sector wheel must be cut with 
great precision, and it is generally best to check calibration upon 
a photometer. 
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Sensitometers using rotating sector wheels were in general use 
unt il about 1920, but they have the very serious faul t that the 

Fw. 161. Hu rter and Driffield sector wheel. 

exposure is intermittent and that an intermittent exposure is not 
integrated by photographic materials (Chapter VI , p. 250), so 
that the values of inertia and 
"Y given by the characteristic 
curves are different for inter-
mittent and nonintcrmittcnt / 
exposures. This is illustrated 
in Figure ] 62, in which are ~ 
shownthe sensitomet r·ic curves ' 21-+-+ -+---7! /,i'---t--t-+---1 
for the same material derived // 
from intermittent and nonin-
termi ttent exposures of iden-
tical magnitudes. 

Since the intermittency ef
fect is associated with the 
reciprocity failure (Chapter 

FIG. 102. Sensitometric curves 
from ( A ) nonintcrmittent ~md (11) 
intermittent exposures. 

VI ), it is not the same for different materials, so that the com
parative values obtained on an intermittent sensitometer do 



61 0 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

not correspond to those which would be obtained if continuous 
exposures were given. 

FIG . 163. Film strip opera ted, falling-p late sensitometer. 

Fw. l !i4. l'crrorated film strip for operating falling-plate sensitometer. 

As soon as methods were ava ilable fm· main taining light ~ou rces 
constant in in tcn~ity over a considerable period, it was possible 
to abandon the rotating sector wheel type of exposure modu
lator and use instruments in which the exposure was continuous. 
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Jones used a falling-plate instrument,25 in which the slotted 
plate carrying a series of apertures varying logarithmically in 
length is guided by vcrtica.l wo,ys and driven at a uniform linear 
velocity by a motor-driven chronograph mounted on the base of 
the instrument. The motor used is governed, giving a relatively 
high precision timing. A slightly diJTerent form is shown in 
F igure 163. An opaque shutter is allowed to drop at pre
determined time intervals in front of the photosensitive surface, 
cutting off the illumination incident on various areas at a series 
of times calculated to produce the desired time scale. The 
dropping of the plate is controlled by a solenoid actuated by 
means of the contact maker shown at the lower right-hand part 
of the figure. This circuit-making device consists essentially of 
a strip of motion-picture film in which perforations are spaced 
logarithmically, as shown in Figure 164. By means of a syn
chronous motor, this is driven at a constant linear velocity 
through a film gate provided with a contact-making device so 
that, as each aperture comes into position, an electrical contact 
is made, thus a.llowing the shutter plate to drop ont> step. The 
offset aperture, shown at G, operates a second contacting device, 
which turns on the light source at the proper instant. 

A nonintermittent time-scale exposure can be obtnined by a 
sector wheel identical in design to that used by Hurter and 
Driffi.eld. It is only necessary to drive the disk at the proper 
angular velocity, so that the required times of exposure arc 
obtninc<.l by a single revolution of the wheel. The opaque por
t ion of the disk serves to protect the sensitive materia l while it 
is being placed in position in the exposure plane. The disk is 
then picked up by means of a suitable clutch connecting it to a 
driving mechanism operating continuously at a constant angular 
velocity, the clutch being automatically disengaged after the 
disk has made one revolution. This mode of operation is only 
feasible if the time for a complete revolution of the disk is rela
tively long, since it is not advisable to start the disk at a high 
angular velocity and stop it at the end of the exposure cycle. 
lf it is desirable to usc short exposure times, it is better to allow 
the sector disk to operate continuously and use a selector shutter 
opemted in synchronism with the sector disk. Various sensi
tometers have been made on these general principles. One is 
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shown in F igure 165. The sector wheel is mounted in the 
housing, D1 the standard light source in the housing1 11, and the 
sensit ive material is held in the exposure plane by means o£ the 
p la te holder, E. The driving mechanism, which consists of a 
synchronous motor, is mounted on the base at the extreme left, 

' and a one-turn mechanism serves to pick up the sector disk and 
carry it through exactly one complete revolution. 

FIG. Hi5. l'ractical sensitometer using continuously moving sector disk 
and a selector shutter. 

A sensitometer of similar design is described by Hardy.26 

The exposure t ime scale is extended to much shorter t imes by 
the use o£ one sectored disk mounted on a shaft concentrically 
with respect to the one driving a second disk at a lower angular 
velocity. A slot of relatively small angular dimensions in the 
larger and more slowly moving disk serves as a selector shutter, 
thus isolating the exposures due to a single revolution o£ the 
faster moving disk which operates at an angular speed thirty
two times as great as .that of the other. T he more slowly moving 
disk is picked up by a suitable clutch mechanism which causes 
it to make exactly one revolution. T his sensitometer gives a 
t ime scale consisting of thirteen steps varying in exposure time 
by consecutive powers o£ 2. 

A sensitometer o£ the one-turn sector wheel type has also been 
constructed and used at the National Bureau or Standards.27 

T his is a. very elaborate machine designed to work over a wide 
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range of exposure times. The sector wheel runs continuously 
at a predetermined speed calculated to give the desired exposure 
times, depending upon the sensitivity of the material being 
tested. The exposure intervals due to a single revolution of the 
wheel are automatically isolated by an electromagnetic selector 

F10. 166. Double sector wheel sensitometer. 

shutter operated by means of a commutator attached to the 
shaft on which is mounted the exposure time modula ting shutter. 

A double sector wheel sensitometer 23 similar in design to the 
Hardy instrument is shown in Figure 166. This consists of two 
concent rically mounted sector wheels, the large one rotating at 
a lower angular velocity (l/16) than the smaller, inner disk. 
The larger disk contains a narrow aperture which serves as an 
automatic selecting shutter fo r isolating the exposures due to 
the inner high-speed disk. In t he design of th is instrument, 
particular attention was devoted to obtaining a high level of 
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illumination on the sensitive material so that the exposure times 
could be very short and, at the same time, sufficient exposure 
was available. The exposure scale obtained consists of twenty
three "'>f2 steps, the maximum exposure time being 0.512 second 
and the minimum exposure time 0.00025 second. The mid-step 
(No. 12) has an exposure time of 0.0112 second. The mid-point 
of the exposure scale, therefore, has a time factor of the same 
order as that used commonly in practical work. The sensito
metric strip, in order to accommodate the twenty-three exposure 
steps, each of which consists of a circular area 8 mm. in diameter, 
must be about 10 inches long. To illuminate an area of this 
s ize uniformly and at a sufficient level to give the requisite expo
sure, a very high-candle-power light source would be required 
since it would have to be placed at a considerable distance. To 
avoid this, ~t single area of the exposure seale is illuminated by a 
relatively low-candle-power souree plaeed within a few inches of 
the exposure plane. The various steps in the exposure scale 
are therefore exposed one after the other. Since the larger or 
more slowly moving; sector disk makes one revolution in 1.8 
seconds, the entire series of twenty-three steps is exposed in a 
tOtal time of approximately 40 seconds. The lamp housing 
c:arrying the standard light source must be moved laterally 
through a distance representing the separation between consecu
t ive steps on the scale so that, at the instant of exposure, t he 
optical axis of the lamp house coincides with the center of the 
eircular area to be exposed. 

A sensitometer designed particularly as a control instrument 
fo r usc with motion-picture film was developed by L .. .i\ .. , ,Tones 
and i.-:; in very extensive use in the United States.2 ~ It L<> one 
of the few sensitometers available commercially and is known 
as the Bastman Type li-B Scn.~itomeler . * The general arrange
ment of the instrument is shown in Figure 167, and a section in 
Figure 168. The lamp house contains a tungsten filament lamp 
of a precision type carefully standardized. The light from this 
passes through a filter and is then reflected by a mirror to the 
exposure plane, which is conveniently placed on top of the 
instrument. The sensitometer is intended to be used in a dark
room, the material being inserted in strips. The exposure modu-

•I'uge608. 
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lator is a cylindrical drum which is given one turn for each 
exposure by a motor using a reducing gear. Accuracy in the 
t ime of exposure is assured by the operation of a synchronous 
motor. The cylindric.'ll drum has twenty-one apertures increas-

FIG. 168. Section throug/1 Type li-B sensitometer. 

ing as powers of -.Fi. For ordinary work, gelatin compensating 
fi lters are used to correct the color of the lamps to daylight for 
negative materials or for posit ive materials to a color tempera
ture of 3000° K ., a value comparable with t hat used in motion
picture printers. If desired, a Davis-Gibson filter can be used 
instead of the cemented gelatin filter. 

In tensity-Scale Sensitometers 

The production of accurate step tablets and wedges makes 
possible the construction of very simple and efficient sensitom
eters opem.ting on an intensity scale. The precision of such 
instruments is sufficient for general sensil..omel..ric use and, espe
cially, for the control of photographic operations, though they 
a re not suitable as primary instruments in a sensitometric lab
oratory. The t.ablcts may also be used in seusitomcters similar 
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to those constructed with rotating; sector wheels or drums. Such 
a sensitometer is used in the German DIN system of speed 
determination. 

Time-scale sensitometers were adopted in practice in spite of 
their disadvantages because of the d ifficulty of obtaining satis
factory instruments using an intensity scale. Exposure-timing 
systems may be controlled accurately through wide ranges of 
t ime by fundamentally simple mechan ical contrivances. The 
modulation of ligh t intensity through the desired range involves 
either complicated mechanisms or intricate optical devices. 
Nevertheless, intensity-scale sensitometry is to be preferred as 
a basis of standardization and calibration of photographic mate
rials because in practice the latter are nearly always exposed on 
an intensity-scale basis. The possibility of errors by the time
scale methods because of the failure of the reciprocity law, which 
in many eases may be of considerable magnitude, is eliminated 
by intensity-scale methods if the exposure times are comparable 
with those used in practice. 

The only sensitometer which can be expected to give results 
_corresponding to those obtained in practice is one which permits 
a continuous exposure at an in tensity level and, therefore, of a 
duration approximating that obtaining when the materials are 
used in practical work. For negative materials, this means a 
high level of intensity and a short exposure. For such materials 
as motion-picture posit ive fi lm, the same is true, but materials 
to be tested for use in astronomy, for instance, require a much 
lower level of intensity and much longer exposure. An extreme 
case is afforded by materials intended for use in sound recording, 
where the highest levels of intensity are required, since the 
exposure involved in recording modulated sound is of the order 
of 1/ 20,000 second. 

The intensity level at which the exposure is made is of great 
importance in connection with the sensitometry of photographic 
papers. In Figure 169 are four curves showing the values of 
log It required to produce reflection densities of 0.2, 0.5, 1.0, 
and 1.5, respectively, for various values of log I. If the effective 
exposure were independent of the intensity, these curves would 
be straigh t lines parallel to the base. Any ordinate drawn ac ross 
the curves represents a condition obtaining in time-scale sensi-
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'tomctry. Any line drawn across the curves at an angle of 45 
degrees to the C<H:lrdinate system gives a relation obtaining in 
intensity-scale sensitometry. Several of these 45-d.egree lines 
are labeled, for example, 1000 s or 100 s, corresponding to various 
times of exposure. The ordinate at a at an intensity level of 
log 0.9 represents a typical time-scale sensitometric measure-

F10. IG9. Reciprocity failure curves for a photographic paper. 

meut with a maximum time of 80 seconds. This represents the 
older time-scale results. The 4-second intensity-scale line rep
re~ent.s the new sensitometric method, which is comparable with 
conditions of practical exposure. If the intercepts of the latter 
line and the iso-density curves are projected onto the ordinate 
a, marked differenees on the I t scale from the intercepts of 
line a and the iso-dcnsity curves will be seen. If the density 
values are plotted against the It scale for eaeh group of int-er
cepts, the characteristic curves shown in the insert of F igure 160 
arc obtained. T hese curves show the large differences which 
may occur between the results of time-scale and intensity-scale 
measurements. 
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Jones and Morrison 30 designed an intensity-scale instrument 
for the sensitometry of papers which depends upon t he usc of a 
cylimlrical lens and a stepped di11phragm. A number of such 
systems have been proposed, and Figure 170 shows the schematic 
arrangement of severa l systems represented by Hansen's 31 con
vention of two orthogonal planes with the respective diagrams 
of the wedged diaphragm. In all of t hese, the basic unit is the 
cylindrical lens L. Guilloz az in 1909 was the first to apply the 
principle. He used a continuously wedged diaphra.gm adjacent 
to a cylindrical lens, which forms a continuously modulated 
intensity a long a slit (Figure 170.A). ln this simple arrange
ment, the usc of the stepped wedge does not give a sharply 
defined image of the steps on the image plane unless the source 
is actually a mathematical line. 

Callier n in 1910 devised a spectrophotometric condenser (Fig
ure 170B) which produces shal'ply defined steps. The stepped 
diaphragm is placed next to an evenly illuminated diffusing glass 
plate G. A cylindrical lens [, images the diaphragm on the 
exposure plane E as a series of modulated steps of equal width. 
This combination of cylindrical lens and diaphragm became 
the basis of all later modifications. The system is not ef
ficient in the utilization of the light owing to the diffusing glass. 
CaUier a-t later suggested the use of a cylindrical condc11Ser 
(Figure 170C) in place of the diffusing glass as a means of in
creasing the efficiency. The condenser would image the source 
S as a strip of light on the lens L. This system is also not 
very efficient. 

I n an attempt to improve the efficiency of these systcml'i, 
Miller 3:; designed one to modulate t he light inleni:iiLy on the slit 
of a grat ing spectrograph (Chapter XVIII, p. 690). lie made 
t he condenser lens spherical instead of cylindrical (Figure JiO/J). 
The image of the source is formed between t he cylindrical lens 
L and the slit in one plane and on the slit in the other. A 
cylindrical field lens at the plane E in which the spectrograph 
slit is placed serves to prevent the loss of light if the system is 
used with the spectrograph. The diaphragm D is pla.eed next 
to the spherical condcHser. The resulting image on the pla,nc E 
consists of a series of sharply defined steps of graded intensit ies. 
As with most of the systems of this type, the illuminated area 
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Fw. 170. Optical systems for obtaining graded exposures from a 
stepped diaphragm. 
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is still too small and too low in intensity for practical application 
to sensitometry. 

In Morrison's system, shown in Figure 170E, the fundamental 
use of the eylindrieal lens to image the diaphragm on the expo.. 
sure plane is retained. The diaph ragm-illuminat ing condenser 
consists of a combination of Callier's suggested cylindrical con-

Fw. 171. Optical system of intensity-scale sensitometer. 

denser and Miller's spherical condenser. In the instrument 
designed by .Jones and Morrison, this entire optical system and 
the source of light are mounted on a moving base and traverse 
the fixed modulating diaphra.gm and the exposing aperture when 
the exposure is made. The arrangement is shown in Figure 171, 
where Pis a roof prism which translates the motion of the image 
of the diaphragm into motion in the same direction as the 
diaphragm. The mechanical design of the instrument is pre-
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scntcd in Figure 172. The shortest exposure t ime for 'vhich 
this instrument could be used conveniently is about 1/ 10 second, 
and the maximum exposure for any given point on the strip, 
4 seconds. 

A type of sensitometer suitable fo r geneml commercial usc 
having an intensity scale has been designed by Tuttle.~s In th is 
instrument, the use of cylindrica l lenses and graduated dia
phragms has been abandoned. T he instrument depends upon 

Fw. 172. General view of intensity-seale sensitometer. 

the succes.c;ivc exposure of each step to a uniform field of 'vhich 
the in tensity can be controlled mechanically in a known manner. 
Uniformity is achieved by means of a special illuminating system 
in which a lamp is placed close to a quartz bar which serves to 
integrate the light of the lamp so that the ground surface at t he 
end of the bar forms a virtual source of great uniformity. T his 
is imaged on the material by a pair of achromatic lenses, the 
symmetrical opt ical system producing a parallel beam of light 
between the lenses. At t his point, there is interposed a series 
of diaphragms by which the area of the lens used fo r projecting 
the light source is graduated, and thus t he intensity of the 
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incident radiation is graduated wi thout a change in quality. 
Each step of the material is exposed in turn in the same position, 
the material holder moving for this purpose; and the diaphragm 
between the lenses is operated synchronously with the movement 
of the material. The intensity is so high that exposures of the 
same level as those used in t he camera, e.g., 1/50 second, can he 
employed; and since the light source and optical train are 
fixed, the instrument is not undu ly expensive to build. It 
appea rs likely that intensity-scale sensitometers of this type 
will replace the older time-sca le instruments for a ll precision 
sensitometry. 

THE CHOSSED WEDGE l\lETHOD OF SENSTTOMETHY 

It seems desirable to describe at this point a simple method 
introduced by Luther in 1910 36 for obtaining the charactel'i~tic 

curve of a photographic material. This depends upon the use 
of a graded neutral-tint wedge of square ~hnpe. The wedge 
recommended has a density range from 0 to G, over 5 inches, 
giving an intensity range of transmitted light of one million, 
with a wedge constant of 1.20 per inch. The material to be 
tested is exposed behind this wedge to a standard light and 
developed to as high a contrast as possible. The negative is 
placed over the same wedge, but at right angles to it-s former 
position, so that the lines of 
equal density in the two 
wedges arc at right angles to 
each other. When the com
bined negative and wedge are 
observed by transmitted light, 
the characteristic curve can 
be seen as a ra ther diffused 
boundary representing a curve 
of identical density or a curve 
of points of equal contrast. T.o 

This curve may be made vis-
ible by printing on a suitable F 1~Jw1,~~;g :~~~~~~~:~~~~~e~~~~~e~u~~:c~ge 
material of high contrast, so 
that a sha rp edge can be obtained. The print may have a scale 
impressed upon it, one of the unit lines being made coincident 
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with the position line on the wedge, so that it is of known ex
posure (Figure 173). 

Higson n discusses methods of getting sharp edges to the 
curve, suggesting the use of a chemical reducer and various 
modifications of t he system. 

In the negative, t he density D,. is a function of the abscissa 
only, i .e., D,. = f (x), x being the abscissa. In the neutral wedge, 
the density D"' is proportional to the ordinate, i.e., D.., = ay, 
where a is the wedge constant. On superposit ion, the resulting 
density Dk is given by Dk = D,. + Dw = f(x) + ay, and the 
positions of points C, y having the same total density C are 
given by the equation 

f (x) + ay ~ C; 

hence, as shown by transforming to 

Y ~ ~- ~f(x) 

=~~~D .. , 

the ordinates of the curve are proportional to the densities of 
the negative plus a constant. The mult iplying factor, as well 
as the const:wt, depends on the wedge-constant and the numeri
cal value of C. The densities, in the vertical direction, are 
measured from a line of zero density, which is obtained by 
scraping ofT gelatin on a straight strip on the edge of the negative 
alongside the smallest density. The density readings will only 
agree with visual photometric densities in the absence of any 
spectra l selectivity. 

This crossed wedge method of sensitometry has a number of 
uses. Such applications are described by " 'atkins,as who de
vised an instrument for measuring 'Y and for u cent ral speed" 
determination ; t hat is, by location of the central point of the 
characteristic curve. 

An instrument for the study of gradation and the measure
ment of 'Y is described by Renwick; it depends upon t he fact 
that if two crossed wedges a re revolved on each other, a position 
is reached where the slope of the shallo"''er wedge balances that 
of the steeper. The cosine of the angle of revolution from the 
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crossed position to that of balance, photometrically observed, 
equals the ratio of steepness of the shallower to that of the 
steeper wedge. If the wedge constant of the latter is known, 
1' is obtained from a single measurement.39 

THE DEVELOPMENT OF SENSITOMETRIC EXPOSURES 

It is of great importance in sensitometric work for the test 
strip to be developed un iformly, since otherwise differences in 
density due to development will be attributed to exposure. It 
is very diffi cu lt to develop photographic materials uniformly. ~ 0 

During de velopment, products are formed which retard devel
opment in proportion to their concentration (Chapter XXI, 
p. 875). J'vlost of them are formed in the most exposed parts, 
development is retarded more in parts of high exposure than in 
parts of low exposure, and irregular distribution of the developer 
therefore produces markings on the materiaJ.3~ .n A method of 
efficient agitation is required to disperse the products of develop
ment throughout t he whole bulk of liquid as soon as possible 
after they diffuse from · the surface of the fi lm. Mere diffusion 
or gentle stirring is insuffic ient; strong, sweeping currents must 
be produced a t the plate su rface. 

The two most common methods of development are vertical 
development in a tank and horizontal development in a tray. 
In vertical development, stirring can be effected either by rota
tion of the strips in their holders or by external stirring means. 
The developing tank, being deep, can be completely immersed 
in a thermostat or surrounded by a water jacket. The vertical 
rotation of sensitometric strips in glass tubes held in the thermo
stat was used by Sheppard and .i\'lees and might be expected to 
be consistent; experiment shows, however, that there is a regular 
difference of density between the upper ttnd lower portions of 
the ~trips and that the advancing half has a higher density than 
the retreating half. The difference in t he vertica l direction may 
be due to the convection effects described by Bullock.42 He 
showed that, in most reactions between a photographic material 
and a solu tion in which it is held verticall y, convection currents 
are produced by the difference in the specific gra,vity between 
the solution containing the products of reaction and the bulk 
of the solution; these convection currents proceed upward or 
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downward according to the reaction in question. In vertical 
development without agitation, a downward current prevails, 
and the degree of development is accordingly greater near the 
top of the nega t ive. The difference in photographic density 
due to this C.'l-liSC may amount to 10 per cent . 

. In a modification of the vertical method of development, the 
strip may be enclosed in a .small jacketed glass tube which may, 
if desired, be filled completely with developer so as to exclude 
air. This tube can be shaken by hand, so t hat agitation is 
seem ed by movement of the strip through the developer, the 
irrcj:!;ula-r motion giving better rcsult.s than regular motion by 
mecha.nical nw;Lns. Kietz, who employed the method, com
pared his results with those obtained from the use of a water
jacketed metal tray and a cylindrical tank fitted with stirrers 
bu t was unable to reach Rny definite eonclusions as to which 
gave t he more unjform results. A system adopted tentatively 
by the British and American St~ndards Committees for use in 
the determinat ion of sensitivity employs a vacuum bottle part ly 
filled with developer.42" The film sample is attached to a loug 
nn.JTOW st rip of ~lass or metal, which is, in turn, fastened to the 
stopper. Owing to the vaeuum jacket, the handling of the 
bottle during the agitation period produces only a negligible rise 
in temperature. 

Sheppard and E lliott 13 found a considerable effect from the 
velocity of flow of the developing solution over the gelatin sur
face. At low rates of flow the velocity of development, as shown 
by the growth of 'Y, is little affected by the rate of flow. With 
developers such as hydroquinone, which are grea tly affected by 
the presence of bromide, weak stirring has an effect similar to 
thnt produced by the addition of bromide to the developer. 
This disappears with adequate stirring. Very high equivalent 
velocities of stining a re used in motion-picture work; the film 
passes through tanks containing the developer at speeds as high 
as 200 feet a minute. Under such conditions, the progress of 
development is modified substantially from that for a station
ary film. 

Another method of sccurinp; effective flow over t he surface of 
a plate held vert.ieully is t hat pmposcd by Dobson and Harrison.4~ 
They used a plunger which moves up and down in the tank close 
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to the face of the plate. A machine for the automatic develop
ment of sensitometric strips was designed by Sheppard and 
Crouch.4~ This is, in es..:;encc, a modification of Harrison and 
Dobson's tank, with provision for automatic introduction of 
sensitometric strips at predetermined intervals. 

A machine for the development of la.rge numbers of sensito
metric strips exposed in the Eastman li-B Sensitometer is de
scribed by Jones, Russell, alld Beacham •6 (Figures 174 and 175). 
It accommodates sixty strips positioned vertically on six meta l 
rac:ks, which can be lowered into t he developer simultaneously 
and removed either simultaneously or individually, so that de
velopment times may be varied for different parts of the load. 
The developer circulation across the face of the exposed material 
is sufficiently rapid that further increase of agitation produces 
lit tle if any increase in the rate of conversion of latent image into 
metallic silver. The cil·eula t.ion is of two SOI"ts : (1) a relatively 
slow, uniform movement of developer in the vertical direction 
produced by a propeller that forces t he developer down into a 
well external to the main tank, from the lower end of which it 
spreads out beneath a perforated false bottom in the tank and 

, rises throughout t he body of the tank, flowing back again into 
the top of the well ; (2) a much more violent agitation produced 
by vertical paddles moving back and fort h close to the exposed 
surfaces. Both agitating clements arc driven by a synchronous 
motor, assuring the same rate of circulation. The entire ma
chine is jacketed by thermos~atically controlled water. Results 
show that the circulation throughout the body of the tank is so 
nearly uniform that they arc not influenced by (a) whether the 
heavily exposed end of the sensitometric strip is up or down, 
(b) t he posit ion of the strip within the tank, or (c) whether a 
complete or partial load of strips is developed a t one t ime. 

While developing machines are of the greatest value for quan
t ity work, it is often desirable to carry out development in a 
flat tray. Such a tray cannot be immersed in nn ordinary ther
mostat to secure temperature control, but good results can be 
obtained by using a special water-jacketed tray. A considerable 
bulk of solution is required, at any rate with developers subject 
to oxidation, so that the loss of developing agent by oxidation 
is not serious. If a plate is developed in a flat tray without 



F10. 174. Developing machine for .sensit<Jmetric strips. 

FIG. 175. Section of developing mnchinc. 
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stirring, areas of even density are often covered with a kind of 
mottle, due apparent ly to loeal concentrations of the products 
of development. This trouble can be a voided by rocking the 
tray, but uniform mechanical rocking produces a stationary con
dition of part of the developer, which results in great differences 
of density over the plate. By careful, irregulnr rocking, such a 
banrl effect can be avoided, but simple rocking is insufficient to 
produce the agitation necessary for evenness of development. 

Clark,40 who studied the evenness of development at length, 
recommends that the strips be brushed continuously during de
velopment with a soft, flat, long-haired brush. The right type 
of brush docs no damage to the emulsion, and broad brushes to 
cover three or four inches of strip can be employed. This gives 
very uniform development, and the only objection seems to be 
that brushing increases the rate of development, as would be 
expected, by removal of the products of development and that 
this increase depends upon the exact method of brushing, so that 
it is rather difficult to repeat the results. 

A comparison between the usc of the brush and the develop
ing machine was made by Jones, Russell, and Beacham, with 
three different workers using brush development. The variation 
in density for the same exposure ·was found to average 0.11 for 
the brush-developed strips compared with 0.03 for the machine. 
For reproducibility, therefore, the machine is greatly superior to 
t.he usc of the brush. On the other hand, if uniformity over a 
considerable surface is of prime importance, it is probable that 
the brush method is as good as any. 

DEVELOPERS FOR SENSfTQ),IETRIC WORK 

The choice of a suitable developing solution for sensitometric 
work has received much attention. Frequently, the purpose of 
sensitometry is to determine the properties of the material
for example, its effective speed-for use in practical photography. 
In this case, t he development should be identical wit h that used 
in practice. Not only should t.he same composition of developer 
be used, but the temperature, agitation, and replenishment of 
the solut ion should be those which obtain in practical work. 
As a general rule, therefore, the developing solutions used in 
sensitometry are not those most suitable for use in investigations 
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of the principles of photography but those which are used in 
practice for the development of the materials studied. In the 
earlier experimental work, standard developers of a type which 
could be controlled conveniently by chemical analysis were gen
erally adopted. 

Driffield 47 in a paper summarizing the results of the photo
chemical investigations made by himself and Hurter writes: 

"As the result of our earlier investigations we decided in favor 
of fer-rous oxalate as our standard developer, and an excellent 
standard it is from many points of view. It has, however, never 
been a popular developer and it has the drawback of being con
siderably less energetic than alkaline pyrogallol. After further 
in vestigation, therefore, we decided to employ a pyro-soda devel
oper as our s tandard, satisfying ourselves that it posse&;ed the 
requisite qualifications." 

The ferrous oxalate developer used by Hurter and Driffield 
has the following composition: 

Parts Parts 
Potassium Oxalate Potassium Bromide I 
\Vater Water 100 

/<'oruutake: 
Ferrous Sulfate I A 100 
Citric Add O.Ol /J 25 
Water 3 c 10 

Development to be conducted at" temperature of 6;)° F . 

Mees and Sheppard also used a ferrous oxalate developer and 
considered it a possible standard for sensitometric measurements 
but discarded it later as unsuitable. While all its constituents 
are inorganic compounds easil y procurab le in a high state of 
purity and susceptib le of precise analysis by relatively simple 
chemical methods, its unsuitability for practical use makes it 
undesirable for use in the sensitometry of commercial materials. 

The standard pyrogallol formula adopted by Hurter and 
Driflicld in 1898 is as follows: 

Part8 
Pyrogallol 8 
&dium Curbonutc (recryslo.llized) 40 
Sodium Sulfite ( " ) 40 
Wutcr to make 1000 
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It should be noted that the pyrogallol formula cont<Lins no 
bromide. Drifficld ~'6 says, " This omission is of the utmost im
portance, and must be insisted upon, a t any rate, when deter
mining the speed of a plate. While the pyrogallol and the alkali 
are essential elements of the developer, a bromide is altogether 
unessential" 

For many years a pyro developer was used very extensively 
in practice and, while no official standard was ever adopted for 
sensitometry, a pyro formuln was used almost exclusively in 
proclucLion control, research, and practical sensitometry. \Vhile 
it is true, as stated by Hurter and Drifficld, t hat bromide is an 
undesirable constituent of a developer since it makes the value 
of the inert ia dependent upon the time of development, never
theless the presence of a small amount of bromide is desirable 
from the pra<:ti<:a l point of view to prevent an excessive increase 
in fog if development time is p;re<Ltly prolonged. The following 
formula was ur.ed for many years in a large laboratory and found 
very satisfactory for most sensitometric work. 

Sol11/ion A 
Sodium Sulfite (anhyd rtmR) 
Sodium Bisulfite {anhydrous) 
P yroll:nllol 
\Vater to mute 

Solution 13 
Sodium CnrOOnate (anhydrous) 
Pota>!l;ium Bromide 
Wuterto makc 

70gm. 
17p;rn. 
20gm. 

l ,OOOcc. 

7&gm. 
l~!;lll. 

I ,OOO cc. 

For ww., takcequnlpart>'lof A nnd U. 

During recent years, pyroga llol h:ls been used less and less in 
pructic:tl work, not at. all in motion-picture processing, and to a 
negligible extent in the development of amateur negatives. It 
appears, therefore, to have ceased to meet the needs for stand
ardized sensitometry. The question of an international standard 
developer for sensitometry was discussed at the Sixth Interna
tiona.! Congress of Photography.49 The pyro standard was con
sidered and rejected. The proposal for a mctol-hydroquinone 
formula. made by Odencrants also \vas objected to hugely on the 
ground that it seemed undesirable to adopt. a formula having two 
reducing agents. Sheppard proposed a p-aminophenol formula 
which met with considerable favor. In a paper by Sheppard 
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and Trivelli, r.o read at the Seventh International Congress of 
Photography, the characteristics of this reducing agent and its 
adaptability to a standard formula were discussed, the following 
formula being recommended: 

p-Aminophcnol Hydrochloride 
S:xlium Sulfite (anhydrous) 
Sodium Carbonate (anhydrous) 
\Vater to make 

7.25gm. 
50.00 gm. 
50.00 gm. 

1000.00 cc. 

It should be noted that this formula contains no bromide and, 
therefore, un less there should be free bromide present in the 
photographic material itself, there should be no regression of the 
inertia with increase in t ime of development, and speed should 
be independent of development t ime. Moreover, this developer 
is relatively insensitive to the presence of bromide; and hence, 
even if free bromide is present in the photographic material, the 
effect upon value of inertia should be relatively small. In Table 
LXV arc given the speed values obtained with this standard 

TABLE LXV 

RELATIVE SPEED VAJ,UF.S 0aTAINED WITII DEVEJ,OPER FoR."'Uf,AS 

/,o w-Speed Material 
p-Aminophcnol 21.4 
Pyrogallol 25.1 
to.Ietol-hydroquinone 19.9 

Medium-Speed Material 
p-Aminophenol 63.2 
Pyrogallol 60.1 
Metol-hydroquinonc 65.2 

developer compared with those obtained with pyrogallol and 
with a metol-hydroquinone formu la for two widely different 
types of photographic materials. In both cases, the speed va lue 
for the proposed standard lies between those given by the other 
two reducing agents. 

Curves showing the growth of 'Y and of fog with the time of 
development for the three developers are shown in Figure 176. 
The p-aminophenol formula shows excellent behavior from the 
standpoint of fog characteristics. It gives a gray (non-selec
tively absorbing) deposit; therefore, readings of density made 
visually correspond to the effective photographic density values. 
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At t he E ighth Intcmu,tional Congress of Photography, this de
veloper was adopted as the stand~nd for scientific scnsilomctric 
work.~1 

l.IIDLIOGHAI'HY 

I. Bu11ock, E. R., "Varir1.tion~ in the Thre!<hold Speed of an E mulsion 
According to t he Developer :wd Conditions of Development.," Sci. i r!d. 
phol., 1926, 6M: 33 ; Hl27, 7M: 5; 1927, 9M: 24. Comm. 208. 

2. Reference 69 (Chapter IV, p. 1!.lG). 
3. Edcr, J. M., " Ein neues Craukcilphotometcr fiir Scn~<itometric, fiir plw to

gr:l.phischc Xopicrverfahrcn und wissensdJaftlit·hc Jj,·htnws."nngen," 
1'/wt. Korr., 1929, 56: 244. 

4a. G oldberg, E., " The Preparation of <:clntine Y·."c1lges,'' H . • 1. 1'., 1910, 
57: 642. 

b. Ooldbcrg, E., " The Prep:u·ation of Prismatic Wcd~CI:! of·Kcutntl Colour 
for Photometric Work," ibid., G48. 

5. lln:ltck, A., " E inigcs \ibcr d ie Gmukcilphot omctcr," 1.. w. P., 1927, 
24: 310. 

G. Scheiner, J., "Ein univcnoal Sensitometer," Z. h!slrlmumltm , 18j)4, 14: 
201. 

7a. Eder, J. M., Nder's Jlarulb., 5. Auf\., 191Xl, Band Ill, 206. 
b. E1ler, J. i\L , Sitzungsb1:r. Akad. Wis.~. , IVieu, Sect. 2A, 1899. 
c. E dcr, J. \\.-1., Sys/Cme dc sensitometric des plaques plwlographiques, trarl. 

p:lr .Ed . llelin, Gauthier~ Villars, Paris, 1903. 
Sa. Deutsche Industric Norm., v. German Standards Sheet DIN 4512, 

.hmunry, 1934. 
b. Luther, R.. , "Normunp; von Ncgativmutcri[ll fiir hihhniis.'<ige Auf

nahmcn," Rcr. VIII. Internal. 1\ongr. !'hot., Drc~llcn, 1931 , 102. 
c. " Die Einflihrunp; dcr ncucn Elllpfindlid•keit..,_(.: r:~llc," f'h1Jt. 1 11d., \9:H , 

32:i. 
ll. " Wns ~ind DIN Number!$?" ibid. , 438. 
e. " U1 K-Empfinllliehkcit und Praxi~," i hitl., Gl2. 
f . Fcrgu!-!on, W. n., " T he DIN Spccd-r.,.hrking for Plate;; :md Film!"," 

/J. ./. P., 19:14, 81:380. 
(]. lhvi!ll', E. ll.., "DIN Sy~tcm of Speed r.-tcasurcmcnt,'' ibid., 41i4. 
h. Luther, R., and 11. StmHlc, " Prlifung der deutllehen Nnrm Ul :\ 4512 

:111 pmktis('hcn Aufnah men," Phol. I nd., 1934,32: 1139. 
i . H:..uscn, G., "Beziehungen zwi~ehen 1len Empfindlichkeitsziffern nac·l• 

dem Scheiner Sy~tem und denen n:wh dem DIN Sy~tcm," ihill., 1935, 
33: 51. 

j. Eggert, J., " The DIN Sy~tcm ofSpc~d :Measurement ," H . ./. P. , 1935, 
82:223. 

9. f-lees, C. F.. K., and S. E. Sheppard, "On Instruments for Sen~<itometric• 

l nvc,.tig:ttion, with an Historicnl TICsumC," Phot . ./ .. 1904, 44: 200. 
l Oa. Sha rp, C. H., and W. R. TurnOull, "A Bolometric St udy of Light 

Sta ndards," Ph.y!J. Rev., 1894, 2 : I. 



GENERAL SENSITOMETRY 635 

b. Sharp, C. H ., and W. R . T urnbull , ":f:tude bolometrique des Ctalons 
photomet.riques," J. Phys., 18\)5, (3) , 4: 229. 

c. Crittenden, E. C., "An Experimental Study of F lame Standards," 
1'rw1s. f ilum. Eng. Soc ., 19 11,6:4 17. 

II. Hcference 2 (Chapter V, p. 233). 
12a. Chcm. News, 1877, 36: 103. 

b. J. Gas Lighting, 1877,30 :337. 
c. Electrician, 1883, 11: 188. 

13a. f:lcklrolcch. Z., 1884, 5: 20. 
b. J. Soc. Chcm. Ind., 1888, 7 : 202. 

14. Vio!le, J ., "Un Halon photomCtrique :\ l'n.cCtylCne," Compt. rend. , 1890, 
122: 79. 

15. l\Ices, C. E . K ., and S. E . Sheppard, "New I nve!>tigations on Standard 
Light Sources," Phol. .!., 1910,50 :287. 

Jc.a. FCry, C., "Photomctre U. lecture dirccte. Rendcmcnt opti(JUe tie 
quelques luminaires," J . Phys., 1908, (4), 7 : lt32. 

b. FCry, C.," Nouvel f:talon :\ ArHyli-ne," ibid., HI04, (4), 3: 838. 
c. FCry, C., " T he FCry Acetylene Standard of Light," B. J . P., 1910, 

57 :627. 
17. J oneH, L. A., "A New Stn.nd:trd Light Sourrc,'' Trans. Ill . R11g. Soc. , 

191 4, 9: 71G. Comm. 10. 
18f,. Davis, R., and K. S. Gibson, "Filters for the Heprofluetion of Sunlight 

and Dayli!;ht and the Determin:ttion of Color Temperature," Misc. 
Pub., Bur. Stand., 193 1, No. 114. 

b. D:tvis, H.. , and K. S. Gibson, " Artifi!"ial Sunlip;ht for l'hotogr:tphi1: 
Sen;;itometry," Trans. S.M. P. E., 1928, No. 33:225. 

19. Toy, Ii". C., and J . C. Ghosh," T he Absorption of Light hy the Goldherg 
Wedge," Phil. Mag ., 1920, 40: 775. 

20. Dobson, G. M. B., and D. N. Harrison, "Ultn1-violet l'hotometry," 
Nature, 192G, ll7 : 724 . 

21. Dobson, C. ~L B. , I. 0. Griffi t h, and D. N. Harrison, Photogmphic 
Photometry, Clarendon l'rcss, Oxford, 192G, p. 18. 

22. r :oldbcrg, E., "Densograph, ein Hep;istricmpparnt zur Jl,·l cs;;ung 1\cr 
Sc!twiin:ung von photograpl1ischcn Pl:Ltten," f:der's ./ahrb., 1910, 226. 

23. Goldberg, E., Der Aujbau des photogra11hischcn Bildcs, W. Knapp, Halle, 
1922, 8 1. 

24 . Vcntmn.n, L. A., "Selection of n.n Absorption Layer for Sensitometric 
Wedges," 1\ino-Photo-Chem. Ind., 1930, No.8, 27. (I n Hussi:tn. ) 

25 . .Jones, L.A ., " A New Non-I ntermittent Sensitometer," J. Prank. l11 st. , 
1920, 189 : 303. Comm. G4. 

2G. l l:trdy, A. C., "A New Non-I ntermittent Sensit ometer," J . 0 . S. A ., 
1925, 10: 149. 

27. Davis, H., "A Nonintcrmittent Sensitometer (T ime-Scale Exposure 
Machine) with Clock-Controlled l\-lotor Drive," Sci. Papers , B ur. 
Stand., 1925, No. 5 ll , 20 : 345. 

28. J ones, L. A. , and G. A. Chambers, "A High Intensity T ime-Scale Sen-



636 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

sitometer," Proc. VII Internal. Congr. Phot., London , 1928, 20G. Comm. 
353. 

29. Jones, L. A., "A Motion Picture Laboratory Sensitometer," J. S . M. 
P. E., 1931, 17: 530. Comm. 409. 

30. Jones, L. A., and C. A. ·Morrison, "Sensitometry of Photographic 
Papers," J. Frank. l nst. , 1939,228:445. Comm. 737. 

31. llunsen, G., "Intensitiitsm:nkea n.uf photogru.phisehen Platten ," z. 
Phys., 1924, 29: 35G. 

32. Gui!loz, T., "Disposit if optiquc pour faire vMicr I'Cclnirement d'une 
surface sui vant unc loi detcrminee d'advanec," Compt. rend., 1909, 
148: 1()4. 

33. Callier, A., "Sur un nouveau sensitom~tre, '' Proc. V Internal. Conyr. 
Phot., llrusscls, 1910,44. 

34. Callier, A., "Some Experi ments in Photop;mphie Hesean:h \York and 
in the Construction of Photometrical Instruments," Phot. J., 1913,53: 
242; B. J . J>., 1913, 60: U72. 

3:}. Miller, 0. E., "Wedge S1}Cct rograms without an Absorbing ·wedge," 
Rev. Sci. Jnstr., 1932,3:30. Comm. 485. 

3Ga. luther, R., " Automntic ~'fdiwd of Obtaining the Characterist ic Curve 
of :t Plntc," R. J.P., 1910, 57: 004. 

b. C:o\dhcrg, E ., R. Luther, and F. Weigert, "Ueber die automatis<:he 
Herstellung der eharakterist ischcn 1\urvc," Z. w. P., 1911, 9: 323. 

37 . Higson, G. 1., "The Wedge l\Jcthod of Photometry," Phot. J., 1921, 
61: 93. 

' 38. Watkins, A., "New Methods of Speed and Gamma Testing, " ibid. , 
J9L2, 52: 200 ; B. J.P., 1912, 59: 3lfi. 

39. Sbeppnrd , S. E., Photography as a Scientific Implement, Blackie and 
Son, Ltd ., 1923, 35, 103, Chapters 2 and 4. 

40. Cbrk, W ., "Stnnd1ud Development, " Phot. J., 1925, 65: 7G. 
41. Ot:1shiro, T., " On a Developing App:tra tus with a Rotary Plntc Holder," 

Bull. K iryu Tech. Coll., J anuary and May, 1921. 
42. Bullock, E. IL, "On Convection Effects in Photographic Bathing Opera· 

tions in theAbHencc ofA git ation," B.J.P.,l922,69:1 10,258. Conun. 133. 
42x, "A Method of Development Suitable for Standardised Sensitometry, " 

Phot. J., Hl40, 80: 341. 
43. Sheppard, S. E., and F. A. Elliott, "The Influence of Stirring on the 

Hate and Course of Development," J. Frank. l nst. , JU23, 195: 211, 
Comm. 157; 1924, 198: 333. Comm. 208. 

44. H arrison, D. N., and G. l\L B. Dobson, "The Uniform Development of 
Photographic Plates," Nature, 1U24, 114 : 752; Phol. J., 1925, 65: 89. 

45. Sheppard, S. E., and H . Crouch, "A Machine for the Automatic De· 
velopment of Sensitometric Strips," Proc. VII Internal. Congr. Phot., 
London , 1928, 201. Comm. 348. 

4G . .Jones, L. A., M. E. R ussell , and H. R. lleacham, "A Developing 
Machine for Sensitometric Work," J. S.M. P. E., 1937,28:73. Com m. 
GOO. 



GENERAL SENSITOMETRY 637 

· 47r~. Driffielrl, V. C., "The Hurter and D ri ffi cld System," being a brief 
account of their phot ochemical investigations and methml of speed 
determination, Plwt. Min., 1903, 5, No. 56. 

b. Reference 3 (Chapter V, p. 233), 318. 
48. Bornemann, \V., and C. Tuttle," An I ntensity Scale Sensitometer that 

\Yorks at Intensity-Time Levels Used in Practical Photography," 
.!. 0. S. A., 1942, 32: 224. Corum. 839. 

49. Proc. VI conr;r. internal. phot., Paris, 1925, 15. 
50. Sheppard, S. E., anrl A. P. H . T rivelli, '' A Comparison of Some Devel

opers for Sensitometric Standardisation," Proc. Vll Internal . Congr . 
Plwt., London, 1928, 174. Comm. 347. 

51. Ber. l'/11. I nternal. 1\ongr. Phol., Dresden, 1931, llG anrl129. 



CHAPTER XVII 

THE MEASUREMENT OF DENSITY 

A statement of t he amount of the photographic image pro
duced by exposure and development may be in terms of (a) the 

. mass of silver per unit area or (b) the absorption of light by the 
materia l. The first is of value in considering the chemical reac
tions involved, wh ile the second applies directly to the use of the 
image in photograp hy; e.g., in relation to t he tone reprodu ction. 

Since the analytica l determination of t he mass of silver is 
laborious, it is undertaken on ly to determine the relation be
tween t he mass of the image and its optical properties, and in 
p ractice the measurement of the image is accomplished by a 
determi natio n of the absorption of ligh t. 

Hurte r and Driffield defined the density of a photographic 
depo~it as follows : 

"The intensity L of li ght after passing A molecules of a substance 
is a fraction of the original intensity l, such that 

For purely mathematical reasons the fraction ~ is usually expressed 

as a negatiYc power of the base of t he hy perbolic logarithms e, 

say V = e- k, and we can wr·i te 

j = e-k"-, 

where k is called the coeffi cient of absorption. This form of the 

law we shall frequently usc again. The fraction !.; represents and 

measu res t he transparency of the substance. The inverse of that 
fraction, or 

f=ekA, 
measures the opacity of the substance. It indicates what intensity 

638 
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of ligh t must fall on one ~:>ide of the ~:;ubst.ancc in order that unit 
intcm;ity may be transmitted. 

" In our investigations we use the letter '1' to denote t ran sparency, 
and 0 to denote opacity, and the two symbols arc rcl1.1ted tim..; : 

OX1'~1. 

"We must further define what we mean by dcnRity as distinct 
from opacity. Dy density we mean the number of purtieles of a 
subRtnnec Rprcad over unit area, multipli ed by the coefficient of 
1.1bsorption; k·A is what we term density, and mark by the let ter D. 

"For our purposes, i.e. , in its appl ieation to negatives , the density 
i,.; di1·eetly proportional to the amount of silver deposited per unit 
area, and may be used a,; a measure of that amount. 

''The relations between the three terms, transparency, opacity 
and density, arc the following: 

1' = e-v, 
0 =en, 
D = log.,O =- log .• T. 

"The density is the loj!;arithm of the opacity, or the negative 
logarithm of the transpareney. 

" These rdat.ions hold good for some suhstaucl's ,,·ith regard to 
ordinary white light, fo r others only wilh regard to monoehromatie 
light, and for others they do not hold good at all. We have sntii\fieJ 
ourselves that lhey do hol d good for the silvet" deposited as a black 
substance in negatives so long as the silver docs not assume a. 
metallic lustre, and refleets but a very small amount of light." 

In practice, however, Hurter a nd Driffield used the relation 

D = log10 0 = - log10 1'. 

Their conc lusion that the density was proportional to the mass 
of silver per unit area was confirmed by subsequent workers, 
but later studies have shown considerable departures from pro
portionality. This matter is discussed elsewhere (Chapter V, 
p. 226). 

The measurement of the density is made with some form of 
photometer which compares the light transmitted by the density 
with that incident upon it . A photogmphic image, however, is 
not completely transparent; it is rather translucent, seatte l"i ng 
an appreciable portion of the light falling upon it. The amount 
of the transmitted light aR read in the photometer depends con
Sequently upon the proportion of the seattered light collected in 
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the photometer. This is illustrated by Figure 177; a beam of 
light is incident upon the silvm· image shown at A, and t he 
distribution of the transmitted light is indicated by the shape of 
the figure MNP. A large proportion of the light is transmit ted 

A 

~ N 

--------

FIG. 177. The tran~mi~~ion of light through a photogmphie image. 

in the direction N; but much of it i.s scattered, as indicated at 
M and P. As a result, the value of the density of the silver 
deposit varies according to the type of photometer. Thus, a 
photometer at N receives only the light transmitted through t he 
narrow angle, and the scattered light is counted as absorbed by 
t he deposit. On the other hand, if a photometer is used which 

· receives all the light emerging from the layer A and integrates 
it for measurement, the value of density found will be consid
erably lower than in the first ease. A method of making t hese 
measurements is shown in F igure 178. An integrat ing sphere, 
S, is used, to which is attached the photometer, 0, the observer 
looking into the sphere thrOugh a hole in its side a t an area on 
the opposite wall. [f the sphere is at a considerable distance 
from the absorbing density D , as shown in A of the figure, the 
directly transmitted light is measured; and the value of density 
includes the loss of the scattered light which does not enter the 
sphere. This is termed the specular density. On the other 
hand, in B, the integrating sphere is in contact with the density 
to be measured. All the light transmitted by the density, in
cluding all t he scattered light, enters t he sphere; and a lower 
value of the density is obtained, which is referred to as the diffuse 
density.* 

'"ln orderthatlhesphero mny,.ctproper\ynsaoint.e~trlltin~t phot<Ometer. the oh8Crved 
SpOt . 13. 11ho uld 1M! sereene-:1 {r()m d irect li11ht from the ll<.m rcc. I t ~ILOuld he illuminated 
only by li~:ht relle<:te<:l ono or more times hy tho 6phero wall : t herefore. in /Jof J."ip:uro 178, 
sn oJmquo~~eroon . .M,int('rWptl!li~:ht ~~<:attcrodhythoa~uuple iu tho diroction oi S. 
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The effect of :,;cattered light upon the value of density readings 
caused some disagreement between Hurter and Driffield and 
their critics. 1 Hurter and DriHield's photometer measured ap
proximately specular densities, because the photometer head was 

(A) 

<•> 

FIG. 178. 1lcthods of 
me:L'luring SJ>e(mlar a nd 
diffuse densities. 

at a considerable distance from the density to be measured and 
in the pa.th of a more or less parallel beam of light from an oil 
lamp. Abney measured his transparencies by placing the den
sity in contact with a scattering medium, such as a piece of 
translucent paper or opal glass, so that the scattering of light 
by the silver affected the density reading less in Abney's instru
ment than in that used by Hurter and Driffield. Abney correctly 
ascribed the difference to the light-scattering property of the 
sil ver deposit, while Hurter and Driffield thought that it was due 
to interreflections between Abney's diffusing medium and the 
negative. The matter was cleared up in lSDS by Chapman 
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Jones,Z who confirmed Abney's idea that, under the conditions 
used by Hurter and Driffield, there was a loss of light by scatter
ing which resulted in a higher value of the density than that 
obtained if the negative was illuminated by diffused light. 

In 1909, Callier 3 made a large number of measurements to 
determine quantitatively the relation between the specular den
sity, which he referred to as D!!, and t he diffuse density, which 
he referred to as D tt . The ratio of D/1 to /)if he designated as 
Q, and since that t ime this ratio has usually been referred to as 
Callier's Q factor . He found tha.t Q is constant for all va lues of 
density, and a single number therefore represents the relation 
between specu lar and diffuse density values for a given material. 
In Table LXVI are shown some typical values of the Q factor 
for various photographic materia ls. 

TABLE: LXVI 

HAT IO m· S I'!:CI)I,An TO Dn•nJ!!E D.EN!! ITY (Q) FOit VAfllOU8 TYI'E.'I m· 

PHOTOGnAI'!IIC MAT.EniAL.'! 

Makrial QValue 
Lippmann plate~ (~min lcss) 1.0 
Very fine-gmined transpnrency plateo~ 1.2 
l~1ntern platCil 1.3t•- Ui 
1\Icdium..,;pccd plates 1.6 
High->lpccd plate~ 1.7 
Highcskpced plutC!! intensified with mercury I,!) 

The Callier coefficient obviously is related to the graininess of 
the Jeposit. Thus, the Lippmann plates, which are essentia lly 
grainless, have a Q value of unity; and the va lue of Q increases 
with the graininess of the materia l. Threadgold suggested that 
the value of Q could be used as n measurement of the graininess 
of the deposit, and the matter was studied experimen ta lly by 
I<iister and by Eggert and KUster. For an account of their 
work, see Chapter XXI, p. 849. 

The relation between diffuse and specu lar density was investi
gated by Renwick a nd Bloch,4 who found that Q is not constant 
for a ll va lues of density but can be expressed as a logarithmic 
funcLion of density, so that if t he logarithm of the diffuse density 
is plotted against the logarithm of the specular density, straight 
lines are obtained. Tuttle~ studied the subject experimentally 
and verified the findings of Renwick and Bloch, 
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Experiments made in t he Kodak Researeh Laboratories* show 
that Q varies not only with density but with 'Y· I n Figure 17g, 
the values of Q found fo r t he densities of sensitometric strips of 
motion-pictme positive fi lm are plotted ag-ainst the diff u:,;e den
sities. It is seen that t he value of Q depends directly upon the 

I.OL_-:!;2-:4:--:-.----:.:-,e;.0:-;'1.2o;-;1';.4--7.,.;--; .. ';;-6--;!-20;:-:;2':;.2-2t .• :;-;;2';-.• --:2~ .• ;--' 
DIFFUSE DENSITY 

FIG. 179. Curves sho wing the relation between Q, y, and the diffuse (]eusity. 

"'to 'vhich the strip was developed. In the same strip, the value 
depends upon the density and, after passing through a maximum 
nt diff use densities approximating 0.3, decreases somewhat as 
the density increases. For very low densities, the va lue of Q 
is low. To obtain sueh low values of Q experimentally, the 
greates t care is necessary to eliminate dirt, scra tches, and other 
extrancou:,; sourees of scattered light. 

* O.Saodvik,priva.teoommunication. 
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As a means of evaluating scattered light, Bull and Cartwright 8 

suggested the use of two integrati ng spheres in series, the first 
one having diametrically opposed apertures so arranged that a 
parallel beam of light would pass through to the second sphere 
without illuminating t he first. 1f a density was placed over the 
window of the first sphere, this sphere was illuminated only by 
scattered light, while the second sphere, according to t he authors, 
measured "the photographic density in parallel light. " In their 
arrangement, the first sphere, illuminated by scattered light, 
must have served as a partial light source for the second sphere, 
and the density value would consequently be somewhat lowered. 

In the strictest sense, the value of specular density cannot be 
determined directly. The photometric receiving clement, even 
though it is positioned so as to receive on ly rays of light normally 
and quasi-normally transmitted by the sample, collects those 
rays which are scattered in the normal or quasi-normal direction 
as well as those which are directly transmitted. 

Silberstein and Tuttle 7 analyzed the problem and derived a 
formula relating the specular and diffuse densities as follows: 

10- D/1 = E' · JO- DII + (1 - E)· JI)'.O t 

where E is a constant expressing the fraction of the scattered 
light which emerges normally or quasi-normally; i.e., the amount 
accepted by the photometric field of a densitometer or by the 
projection lens of such a device as a n en larging printer. The 
constant (3 = unity plus the ratio of scattering to absorption 
coefficients. The smaller the value of E, the more nearly will 
the density approach strict proportionality, as stated by Callier. 
If E = 0, {J is numerically equal to Callier's Q. If E = 1.0, 
D /1 ~ D ff . 

P itt 8 outlined an experimental procedure that yields data from 
which the true specular density may be calculated. He found 
that the ratio of the scatte red light in the normally transmitted 
beam to the light in the undeviated portion of the beam increases 
linearl y with density. 

Optical effects other than those attributable to scatter influ
ence the numerical value of a photographic density whether 
it is used in a prir~ter or measured in a densitometer. Toy 9 

pointed out that in contact prin ting the optical factors in-
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fluen tial in determination of the effective density of a negative 
are : 

I. Interreflection between printing medium and negative, 
2. Color of the printing light, 
a. P arallelism of the printing light . 

T he resul t.s of previous work on the direct determinat ion of 
effective printing density had been vitia ted by reciprocity law 
failure, a nd Toy's experiments were carefully worked out to 
avoid error from this cause. He formulu.ted a definition of 
printing density, as follows : 

"The printing dcnsiLy of a negative is the common logarithm of 
the number representing the intensity which wilt produce, through 
the negative in contact with a printing medium, the same effect on 
the print as unit intensity will produce through the glu:;a only for 
the sumc time of exposure and conditions of development." 

Toy terms this valueD¢; but the symbol D,., used by J ones, 
would seem to be preferable. Toy concludes that the readings 
of a densitometer in which the density was placed in contact 
with opal glass could be converted to printing density values 
by a simple factor. Renwick 10 disagrees with this general con
clusion; he states that a specular density reading is a better 
reference standard. 

Toy 11 found that in an extreme case the interreflection effect 
might account for an effect ive density change of 0.03 but 
poin ts out that the predictable variation in printing density 
resul ting from differences in reflectance of the positive material 
would be of the Ol'dcr of 0.02. The lowest effective contact
printing density would correspond to t.hc higher negative and 
positive reflectance. Renwick 12 disagrees with Toy 's analysis 
and cites evidence indicating that the interreflection effect could 
be greater than Toy expected. 

Toy found in investi!!;ating the effect of the color of the inci
dent light, which he did hy varying the voltage appl ied to the 
printing lamp, that only a small variation of printing density 
accompanied a large change in color of the source. H e made 
no observations upon one factor important in contact printing ; 
rmmely, the effect of the direction of the incident light. That 
it is not a negligible factor can be inferred from analyses made 
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by Selwyn and Pitt 13 and Koerner and Tut tle. 14 For a layer 
of given absorpt ion per unit path length, the effective density 
depends upon the length of the path through the ma terial. 
T hus, if the density of lL layer for a ray incident and t ransmit ted 
normally is D0 , its density for a ray incident at angle 8 will be 

given by D, = _1 ~ Don. , where n is the refract ive index of 
-vn- - sm2 0 

the material If, then, a positive material is placed in contact 
with a negat ive illuminated by diffuse liJ{ht, the average path 
traversed by ra.ys of light before reaching the posit ive will be 
longer than would be the case for normal illumina t ion by colli
ma ted light, and the effective density of the negative will be 
increased. The cont ras t of t he contact print made by diffuse 
light will be ~:~l ightly higher than t hat of a print made hy colli
mated light-exact ly the reve1·se of the Ca llier Q effect , which 
1tpplics to projection print ing by collimated or diffuse light. 

Density is obviously not a simple, invariable property of a 
photographic dcpo.sit, and the safest ru le for its accurate evalua
tion i~:~ to measure t he light-stopping power of each sample in 
the way in which it is used. Application of t his rule is imprac
't ical, and many of the references in this chapter dea l with the 
sea rch for inethod~:~ of mathematical conversion from one densi
tometer reading to one photographic application. Tuitle and 
Koerner, for instance, have done this systemat ica lly for a va riety 
of so-called diffuse density measuring instruments and effective 
contact-print ing results. 

There is a considerable need fo r a,n internationally standard 
method for t he determi nat ion of density. T he recommendation 
was made at the Eighth l nternationa l Photographic Cougress I.\ 

t ha t photographic density be defined as the logarithm of t he 
ratio between the brightness of the upper surface of an opal disk 
uncovered aud that of the surface covered with the density to 
be measured ; t he density to be placed in contact with the opal 
and the measurement made in a direct ion perpendicular to its 
surface; t he opal disk to be of such a thickne.s.s that the measured 
value does not a lter if a thicker opal is used. 

Davies a.nd Owen,16 rea lizing the effect of interreflection, p ro
posed to eliminate t he opa l reflection influence by 1·cferring the 
measurement to the opal covered by a piece of the base. Later, 
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Selwyn and Pit,t 12 suggested reversal of t he position of opal and 
density- the opal to be between the density and the measured 
clement. This urmngcmcnt avoids errors caused by the effect 
of t he density sample upon the distribution of light entering the 
photometer. 

Tuttle and Kocrner,17 feeling that the integrating sphere is 
more rep roducible to specification and freer from reflectance 
variation d iHiculties than a piece of opal glass, recommended 
this device as a standard for diffuse density measurements. 
The SLandards Committee of the Soeiety of Mot ion Pict,ure 
Engineers acted favorably on this suggestion and adopted it as 
recomme nded practicc.18 

T HE SPECTRAL SELECTI VITY OF I'II OTOGRAPHIC DEPOSITS 

Another fnctor of importance in conneetion with the print ing 
vnlue of photographic densities is their eolor (Chapter XIV, 
p. 555). ln general, a colored photographi<~ image g ives a char
acteristic curve having almost 
the same inertia as the visual 
curve but a different value of -y 

(Figure 180). The effect of the 
color ca.n ohviously be stated as 
the ratio of the plwlogruphic to 
the visuul -y, with the understand-
ing Umt t he photographic -y is 
determined on a specific print-
irlg materi:1l printed by a specific 

light source. FIG. ISO. Churactcristie eurvc~; 
Jone~:~ :-and ' :Vi b ey 19 considered ~;huwing the photographic and vi.~

a t length t he spect ral selectivity ual den!Sitici'\ of colored images. 
of different photographic images. 
Choosing as the print ing mater ial bromide paper printed with a 

light source of 2360° K., they lermed ~ t he color coefficient X· 

For negat ives developed with the so-called nomtaining de
vclopers- sueh as ferrous oxalate and hydroCJuinone-the value 
of x is low, usually below 1.1. 1f py rogallol is used as the 
developer, however, the negative has a more or less yellowish 
color, according to the amount of sulfite used in the developer, 
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the yellow color being due to an oxidation complex of the pyro
gallol deposited with the silver (Ch. X, p. :~n2). It is possible 
to show this very clearly by removing the silver and leaving an 
image consisting of the yellow oxidation product only. The 
yellow image is largely removed by fixation in an acid fixing 
bath, but if the nega tives a re fixed in a plain hypo solution, very 
high values of x may be obtained. For a pyro developer con
taining 50 grams of pyro per liter, 10 g;ra.ms of sodium carbonate, 
and sodium sulfite ranging from 0 to 50 grams per liter, the color 
coefficient varieR as follmvs: 

Sulfite 

"' " l il 
10 
5 
0 

TAllL~ LXVII 

CoWr (;orfficitml 

I. JG 
1.2•1 
1.30 
1.45 
1.80 
2.75 

A negative developed with 50 grams of sulfite per liter is there
fore quite gray and prints with little more st rength than appears 
to the eye. Portrait negatives developed with pyrogallol are 
usually made to have a color index between 1.3 a nd 1.50, IQ-15 
grams of sulfite per liter being used. If t he sulfite is omitted, 
the print ing density is almost three t imes the visual density. 

In intensified images, the color is often fa t· from neut raJ, and 
the color coefficient of such images is of great importance in rela
t ion to the degree of intensification obtained by nny treat,mcnt. :.ou 

Wilsey, indeed, proposed the usc of pyro-developed images as a 
means of intensification and reduction 21 (Chapter X I V, p. 555) . 

A photographic image on a material of very fine grain shows 
selective absorption as a result of its selective scattering of light 
(Chapter XV). T he introduction of fine-gmin fi lms for making 
motion-picture sound negatives has made it necessary to correct 
the visua l density measurements of these negatives for the color 
coefficient to obtain the effective printing density. Frayne 22 

has applied t he integrating sphere densitometer (p. 663) to t hese 
measurements, by equipping it 'vith a special photosensit ive cell 
and color filter, to obtain a spectral range close to that of positive 
motion-picture fi lm. He finds that the color coefficient of the 
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fine-grain materials is a function of the negative density and, 
therefore, that the color of the image must be attributed, in part 
at least, to light scattering by the grains rather than to a de
veloper stain. 

TH E CO RRECTION OF DENSITY HEADINGS FOR FOG 

Fog is the term used to designate the density produced in 
development which is not due to the exposure to light (Chapter 
XI, p. 450). The densities read from sensitomet ric strips do no t 
re()uire fog correction if the densit ies are to be used in tone 
reproduction a nalyses. The prin t ing characteristics of a nega
t ive are related to the tota l densities occurring in the negative 
regardless of how these densities were wodueed. For many 
purposes, however, it is necessary to correct the density readings 
for the presence of fog. Hu rter and Driffield measured the fog 
density on unexposed por·tions of the plate and deducted the 
value found from all observed densities. They recognized the 
fact that t he fog was not distributed uniformly over all image 
densit ies; it must be expected to be g1·eater upon an unexposed 
portion of the plate than where considerable exposure and devel
opment had occurred. 

Meidinger 23 calcu lated a correction for the decrease in fog 
with increased image density. He assumed that the fog over 
the image is proport ional to the number of grains of sil ver halide 
not developed as exposed grains, In the terminology adopted 
by Wilsey,24 if D1 is the fog deduction, Dm the maximum density 
obtainable by any exposm·e and development, D the observed 
density, and P the fog density on unexposed areas, 

D1 = aF 
where 

that is, 

(D.- D) 
D, ~ D.- F F. 

Since the deduction for fog is assu med to be proportional to the 
number of grains not developed, unless development is carried 
to completion, some of the grains deducted as fog arc exposed. 
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Wilsey therefore suggests a modification in which the fog over 
the image is assumed to be proportional to the mass of the sil ver 
unaffected by exposure. T hen, 

where D., is the limiting image density obtainable by continued 
development of the exposure conl'iidcred. If F is mea..<>ured on 
an unexposed area remote from the density, its value will be 
higher than if the area under consideration were exposed to the 
products of reaction effective in the exposed area. It is, of 

LO 

0 q, 

FIG. 181. The relation between D., nnd D .. ;;,.. D~ . 

course, impossible to obtain an unexposed area in which the 
gmins are developed exactly as if they were in a n exposed area; 
but an approximation to this was suggested by Bloch/~ who 
recommends tha.t small unexposed areas be left in the middle of 
exposed areas, so that the development conditions are approxi
mately the &'l.me. It is possible also that the susceptibility to 
exposure of grains subjeet to fo!!; may be different from that of 
the grains which are not likely to fog.26 

The matter wa..<; studied at some length by Pritchard,21 who 
worked out experimental methods of cor·recting for fog from a 
study of the growth of fog a_fter the image density is almost 
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' completely developed. He points out that the correcting factor 

D., I~ ... D~ in the Wilsey formula is a st raight-line funct ion of the 

completely developed image density D..,. The solid line in Fig
m e 18 1 shows this relation. The end-poin ts of this line are 
correct, that is, a t zero exposure the full observed fog value F 

}'JG, 182. Application of t he corrcctiou for fog to the characteristic curve. 

is to be deducted, and when maximum density, represent ing all 
the developable silve1· in the film, is reached, there should be no 
deduction for fog. If exposure has a selective action on fog 
grains, t he fog over t he image usually would be less t han that 
computed by the Wilsey formula, and the curve for the fraction 
should lie below the straight line of Figure 181 but have the 
same end-points . 

Variations in the photometric equivalent (page 226) could 
produce a similnr effect. Thus, the true fog correction function 
may be similar to the clotted curve. This type of relation was 
found experiment.ally by Nietz. His data give for the first part 
of the cm ve a straight line intersecting the density axis at a 
value less than D,.. The values of the fog correction factor D1 

were derived from sensitometric curves for long development 
times by the following method: In Figure 182 let <:urve 1 repre
sent a characteristic curve in which both fog and ima.ge have 
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. been developed to completion; curve 3 is a hypothetica l curve 
for image density alone, the D..,, log b' curve. In correcting a ny 
density, D,, to give the true image density, Doe, a fog density 
equal to D 1 - D~ must be subtracted. Thus D1 = D 1 - D~; 

D1 = (D, -F~~) F, = aF1• Consider t he experimental curve 2 

in which it is assumed t hat the image is completely developed 
but fog is not. If all fog densities incrcai::ie in the same 
proportion as development proceeds, regardless of the image 
densities with which they are associated, the differences be
tween t he three curves will be in direct proportion. Thus, 
(D, - D.)(P, ~ (D , - D.)(P, ~ (D, - D ,)((F, - P,) ~ o; 
a is seen in this case to depend upon the difference in de nsity 
between two curves for t imes sufficient to de velop the image 
completely . 

The method for finding the fog correction is as fo llows : Strip.':! 
are developed for a t ime sufficient to develop the image approxi
mately to completion; e.g., thirty to sixty minutes. The density 
values are now corrected by the use of Meidinger's formu la, so 
that a first approximation to D.., is obtained as D"' = D 1 - aF, 
where D 1 is t he density obtained and 

D ... - D 1 

a = D ... - F . 

Thus, a first approximation curve can be obtained by plotting 
the values calculated for D.., against logE'. Then, using a logE 
which gives a value of D.., close to the shou lder of thC curve but 
still on the straight line, Wil sey's formula, 

Dr ~ p. (D·;;. D.) ' 

is used to find the correction to be applied to each curve at the 
log B chosen. 

A second approximation to D, at this same logE can be found 

by Nietz' method, which ut ilizes t he principle that log D, D_"' D , 

plotted against t he logari thm of the developmen t time gives a 
straight line for the proper D.,. By trial and error, the n, a cor
rected D.., is determined. The corrected D.,, log E curve is 
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drawn through this new value of D~, with the new D.,'s at the 
other log E's plotted as much larger than their first approxima
tions as the calculated D.., increased over its first approximation. 

Omr-------------------~~~------

>
t • z 
w 
0 

LOG E 

FIG. 183. First and ~econd approximations to t he D~, log R curves. 

Straight-forward calculations by Wilsey's formula will now yield 
the corrections to be applied. The first and second approxima
tions to the D.,, logE curves are shown in Figure 183. 

DENSIT01IETERS 

The instruments used for the measurement of photographic 
densit ies are often called photometers, but it is better to retain 
the 'term photometer for an instrument which measures t he 
intensity of light and to refer to instruments measuring photo
graphic absorpt ion as densitomelers . 

Many methods and instruments have been devised for meas
uring t he density of the silver deposit. Hurter and Driffield 
used a modified form of the bench photometer, such as that 
employed for making intensity measurements in photometric 
laboratories. In such an instrument, two light sources are used, 
both of which must be kept at constant intensity while the 
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measurements arc being made. The photometer head, in which 
the in tensity ba lance is made, may be any one of several types 
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Fto. 184. The Capsta!T-Green densitometer. 

ava il able, such as the Bunsen grease spot or the Lummer
Brodhun head. An intensity balnnce may be achieved by mov
ing the head back and forth between the two sources or by 
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moving the head and one source a.t the same t ime, the other 
source being fixed. A density is measured by making an inten
sity balance first with both sources unscreened and then with 
one source screened by the deposit to be measured. From the 
readings of distance made in the two cases and application of 
the inverse square la.w, the transmission of the deposit can Le 

FIG, 185. Diugmm of the Martens photometer. 

computed, ancl from that value the density. Sueh an instru
ment is clumsy to use, and the light sources require continual 
attention. 

A more convenient form of the bench photometer is that 
designed by Benson, Ferguson, and Renwick.28 The light source 
and photometer head arc fixed a.t one end, and equalization is 
obtained by means of sliding mirrors. A later bench instrument 
designed by Ferguson uses two lamps and is designed so that 
the intensity of the field is constant, whatever the density read. 
;\n instrument of this type for measuring very small areas of 
uotion-picture fi lm was designed hy Capstaff and Green. 29 The 
opt.ieal arrangement of this instrument is sho,vn in Figure 184. 
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Densit.ometers of the bench type have been displaced very 
largely by instruments depending upon polarization for the 
equalization of the two fields. Sheppard and Mecs adopted the 
HUfner spectrophotometer and used it throughout their investiga
tions.30 The best-known and most generally useful polarization 
instrument is the .lVlartens photometer,31 the internal construc
tion of which in its original form is shown in Figure 185. Light 
from the source, M, goes directly to the small prism, p, which is 
opposite one opening of the photometer head and, by means 
of the prism, q, through the negative, which is placed in the 
position, P, and then through the other opening in the pho
tometer head, l. Both of t hese beams are polarized by means 
of the Wollaston prism, which splits the light into two com
ponents, each of which is polarized in a plane perpendicular to 
t hat of the plane of polarization of the other. On the upper 
face of the Wollaston prism is cemented a Fresnel biprism, 
which forms the photometric field. The analyzing prism, N, 
is of the Nicol type. Equalization of the two beams is ob
tained by rotating the prism, N; t he relation of the intensities 
transmitted through the two openings is given by the equation 

Tan2 a' 
P = Tan2 a' 

where a and a' are the settings of the prism with and without 
the negative in position. The illumination system for the in
strument has undergone modifications at the hands of various 
workers,32 but for most photographic measurements it is con
venient to use the head u without any prism system under the 
openings, illumination being obtained from a box covered with 
opal glass. 

For reading very high photographic densities and, indeed, for 
general densitometry wherever there is sufficient work to justify 
such an instrument, one designed by Jones is of very great 
value.34 The plan is shown in Figure 18G. A powerful light 
source, A, sends two beams to the photometric cube, K; one, 
directly through the opal glass, M, on which is placed the nega
tive to be measured, and the other to the opal glass H, through 
an arrangement of lenses and prisms in the path of which is inter
posed an adjustable sector diaphragm, E, placed between two 
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lenses, B , so that the intensity of the beam transmitted can be 
adjusted by varying the angular opening of the sector. A rotat
ing ::;ector wheel of fixed aperture, C, can be placed in either beam 
to extend the range, which can be still further extended by 

FIG. 186. Optical system of the J ones high-i ntensity densitometer. 

diaphragm stops inserted in the collimated beam between the 
~omponents of the lens, F. Diffuse densities as high as 8 can 
be read, only 1/lOO,OOO,OOOth of the incident light being trans
mitted, while for specular densities the scale can be extended to 
densit ies of 10. For the measurement of very high densities, 
this instrument is invaluable, and it is a most convenient densi
tometer for general labora tory work. 

Many of the densitometers used in photographic work are 
really comparators in which a photometric de vice is used to com
pare the density to be measured with a calibrated wedge or series 
of densities . One of the first of t hese instruments was recom
mended by Abney for astronomical work.35 The Hartmann 
microdensitometer/ 6 which is used extensively in astronomical 
photometry , is a wedge comparator used with microscopes, so 
that a very small field can be measured. Renwick,37 in 1910, 
described a convenient form of density comparator using a neutral 
glass wedge. In 1911 , Sanger-Shepherd 38 patented a simple 
form of wedge comparator, and Ferguson 39 also described one. 

A valuable development in wedge comparators was the denso
graph, invented by Goldberg.40 In this instrument, the cl\a.rac-
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· teristic curve is outlined on co-ordinate paper by a series of 
points, each corresponding to a setting of the comparison wedge 
to balance the density of the plate to be measured. The sensi
tometer exposure is generally made through the wedge to be 
used in measuring, and the dcnsograph thus provides a very 
.simple method of plotting the cha racteristic curve if great accu
racy is not required. 

Simple forms of density comparators are those of Ferguson ~~ 
and Capstaff and Purdy;12 the latter instrument being widely 
used. The arrangement of the essential parts is show n diagram-

FIG . 187. Di!l.gram of the Cupstaff-Purdy densitometer. 

matically in Figure 187, and a photograph of the instrument in 
Figure 188. The light source, A, illuminates t he small disk of 
opal glass, H, placed in contact with the photographic density. 
T he light source, A, also furnishes the comparison beam, th is 
comparison beam being reflected by the mirrors, B and D, into 
the photometric field-forming device composed of F' and G. 
A photographic wedge for decreasing the intensity of the light 
illuminating the density by a known amount is placed between 
the lamp, A, and the density, H, as indicated at lV. A suitable 
eyepiece, J , for viewing the photometric field is provided. T he 
lamp, A , is mou nted on the end of a n arm, the position of which 
is controlled by t he screw, K. By rotat ing this screw, the dis
tance between the light source, A , and the opa l glass, H, may 
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be varied; and hence the illumination upon the density is con
t rolled to some extent. Movement of the lamp in this manner 
does uoi appreciably change the distance bet\veen the lamp, A, 
and plate, F, and therefore does not change the illumination in 
the comparison p:1rt of the photometric field so t hat the adjust-

Fro. 188. The Capstaff-Purdy densitometer. 

ment may be used for setting the zero point of t he instrument. 
The photographic wedge, lV, for controlling the illumination 
incident on the opal glass, H, is circular and is mounted so that 
it may be rotated on the pin, P. It is made by copying a circular 
wedge cast in gray dyed gelatin onto a photographic plate. To 
facilitate turning, the edge of the wedge projects about Ys inch 
beyond the instrument cover. The beam of light, after passing 
through the \Vedge, falls upon the opal glass, H, and the densit y 
to be measured is laid on this diffusing screen. The photometric 
head consists of a glass plate, F, set at an angle of 45° to the 
comparison beam and so placed t hat the light from the mirror 
system is reflected to the base of t he head. T he t wo surfaces 
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Of this plate reflect sufficient light, about 10 per cent, to furnish 
the comparison beam. To insure the illumination on the com
parison part of the photometric field being uniform, a piece of 
opal glass, C, is placed between the mirrors, B and D, and a 
piece of ground glass, E, is placed between mirrors, D and F. 
In the base of the photometric head is a piece of plane silver 
mirror, G, with its silver side toward the opal glass, H. The 
silver is removed from a circular area of Y2 square millimeter in 
the center. The observer looking through the eyepiece, J, there
fore, sees a circular spot illuminated by the opal glass, H, and 
surrounded by a comparison field illuminated from the mirrors, 
13, D, F, and G. The photographic wedge, lV, must, of course, 
be precisely calibrated, and a suitable scale is attached to it to 
show the effective density of the wedge at any particular point. 
Through a small "··indow, the density values on the calibrated 
wedge may be conveniently read during the use of the instru
ment. The eyepiece, the photometric head, and the mirror, D, 
are mounted in an L-shaped element which is hinged so that it 
may be lifted out of the way to facili tate placing the photo
graphic density in posit ion over the opal glass, H. 

Photoelectric Densitometers 

Many attempts have been made to substitute radiation-sensi
tive devices for the human eye in the measurement of density. 
The advantages are : the elimination of visual fatigue, the attain
ment of higher precision, . and the increase of reading speed. 
The accuracy of visual reading cannot exceed 0.008 in density 
because of the inherent characteristics of the eye. Even experts 
can make only five or six readings a minute and that for. only a 
limited period. 

The earliest physical densitometers were designed by astron
omers and spectroscopists who were interested in measuring stellar 
images or spectrum plates. Stetson 43 described an instrument 
incorporating a thermopile and galvanometer, the galvanometer 
deflect ion being read with and without the material in place to 
determine transmission. Moll 44 with a new, quickly acting 
thermopile and short-period galvanometer devised an excellent 
photographic recording instrument which is widely used for the 
measurement of spectrograms. Harrison, Pettit and Nicholson, 
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and many others developed and refined thermoelectric den:,;i
tometry. Harrison 4" discussed the various types of physical 
densitometers and described a sin!!;le thermocouple instrument 
with which he achieved an accuracy of one half of one per cent
about 0.002 in density. 
• Thermoeleetric instruments have little advantage in speed 
over visual photometers. They arc affected by temperature 
variation, arc of low sensitivity, and most of their response 
is in the extremely long wave length region of the spectrum 
and is therefore of little value in measuring spectrally selee
tive materials. Other thermal radiation measuring deviees
bolometers, radiomicrometers, and radiometers-suffer from 
the same defects, though all of them have been used in 
demdtometers. 

Photoelectric ce lls are free from most of the shortcomings of 
the thermal devices; but most of them, especially the earlier 
types, are less stable than thermopiles. This instability was a 
disadvantage in the simple deflectio n-reading arrangements em
ployed by the makers of thermoelec tric densitometers. JVIost of 
the photoelectric instruments make usc of a method employing 
the cell to ascertain the equality of two light intensi ties. One 
beam is modulated in a known manner; and the setting of the 
modulating device, frequently an absorbing optical wedge, is 
read at the position of balance for the two beams. 

One of the earlier examples of a balanced-beam photoelectric 
densitometer is described by Dobson.46 A diagram of hi s instru
ment is shown in Figure 189. Light from the source , E, is picked 
up alternately by two optical systems, one of which focuses the 
filament on the sample, T, to be measured, while the second 
beam passes through a n adjustable wedge, TV. The shutter, ll, 
rotates around the lamp four or five times a second, and the 
cell, P, is illuminated by one or the other. The cell output 
passes into a fiber electrometer, which vibrates visibly if the 
state of unbalance between the beams exceeds 0.1 per cent, a 
state which corresponds to about 0.0004 in density. There is 
little doubt that Dobson's instrument represented a real gain in 
stability over the original photoelectric re~istering photometer 
of Koch,47 which was a direct deflection instrument: but its deli
cacy was a drawback. 
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Toy a nd R awling 4s tried to improve Dobson's instrument by 
substituting a photoresistive selenium eell for the photoemissive 
cell. T heir optica l system and method of lig:ht modulation were 
similar to Dobson's. The eurrcnt available with the selenium 
eel! is much greater than from t he photocmissive type, and 
c.;onsequently ~ less sensitive indica.tiug instrument can be used. 

Fw . 189. Diagram of tl1e Dobson photoelectric dcnsitomcLcr. 

Unfortunately, it. has other weakncssc.-;, such a.c; great instability 
and considerably more lag than the photocmis.c;ive type. 

Another photoresistive type of cell, using tha lofide instead of 
selenium, was used by Schoen 49 for the measurement of low 
densities; but no photoresistive cell instrument has been au 
unqua lified success, and in most of t he more recent designs the 
photocmissive cell has been used· because of improvements in 
photocmissive cells a.nd in the rugged ncR<> and stability of ampli
fier circuits. A complete list of these instruments would be 
very long, and a brief mention of the cha racterist ies of a few 
wilt suffice. 
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The British Photogrup!Jic llcsearelt dcnsitomct.er :.o lws two 
symmetrical optical beams. .I'VIcasurcments arc m:ule by a neu
tral wedge having a density n1nge up to 4.0. It has:~ c:.tpacity 
of 1000 read ings a day. 

Lindsay a nd Wolfc 1'1 describe an instrument in which the 
amount of amplification required for a predetermined deflection 
on a gulvunometcr gives the reading. The light to the photocell 
is interrupted by a rotating sector plate, so that. an a lternating
current logarithmic amplifier may bt~ used. This has been de
veloped by Frayne and Crane"2 into a densitomet.er in whieh a.n 
integrat ing sphere colleds the light t ransmitted b_y the density. 
T he measuring photoee\1 is located within t he sphere. 

'Vhite r.3 uses an ingenious a rrangement in which the density 
to be measured is illumina ted throuJ,!;h a circular optical wedge 
which is cont inuously rotated; the amplified photocurrent varies 
with t he transmitted intensity. The amplifier circuit flashes a 
st1·oboscopic light source which illuminates t he density scale on 
the wedge a.t the point where t he read ing should be made. 

The ba rrier layer, self-generating, photoelectric cell int roduced 
a new fucior into physical densitometry. This cell combines 
many of the good features of other radiation measuring devices 
wit.h few of their limitations. It has st ability and simplicity 
comparable with the thermopile, current output comparable 
with the photoresistive eells, reading speed comparable with 
phot.ocmissive cells, and spectral response lyinJ,!; almost entirely 
in the visible spectrum. It is admirably fitted to suhstitut.e for 
the thermopile in t he direct-rending deflection type of instru
ment. Numerous dcnsitometers consisting merely of :1 light 
source, a barrier b yer eell, and a microammeter have been 
described. Since the response of the cell is approximately a 
linear function of the illumination, t hese simple densitometers 
have the same limitation as direct-reading thermopile instru
ments in t hat the accuracy decreases rapidly as the density 
im:rea.<;cs. Single-scale direct-reading instruments are not of 
much value for the measurement of densities over 1.3. 

The Weston E lectrical Instrument Company has part ially 
overcome this scnle condensation by producing a barrier layer 
cell densitometer with a galvanometer having an expa nded scale 
a t. t he low deflcclion end ."~ This iru;trumont is <:ulibrated to a 
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density of 3.0 and can be read with considerable accuracy up 
to 2.0. 

TuttleM investigated the photometric possibilities of using 
two barrier layer cells with potentials opposed in a null circuit. 
He found that if each member of a pair of matched cells was 
illuminated by an intensity such that the sum of their opposed 
potentials across a galvanometer was zero, the combination 
wou ld be stable for an indefinite period. The limitation of the 
stability seems to be that of the galvanometer itself. Tuttle 

SENSITOMETRIC 
STRIP 

Fro. 190. Optical system of a recording physical densitometer 
using Barrier cells. (Tuttle.) 

concluded that such a balanced circuit is capable of detecting 
with certain ty an intensity variation of less than 0.1 per cent. 
This is true over a wide range in the intensity level and the 
co lor temperature of the source. This system of photometric 
balancing seems to be one of the most accurate and dependable 
and is completely independent of variations in the lamp voltage. 
Tuttle used the scheme to produce a recording physical densi
tometer of high speed and accuracy having a range from 0.0 to 
3.0. The optical system is illustrated in Figure 190. Two 
beams from a single source reach the two cells after passing 
through a right-angle prism. The totally reflected beam passes 
through a va ria ble optica l diap hragm and the density to be 
measured before it reaches the measuring cell. The second 
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beam, reflected from the top surface of the prism, reaches t he 
comparison cell. The light-modulating device is the variable 
aperture shown in Figure 191. This replaces the usual absorbing 
optical wedge and has the advantage that it is absolutely per
manent and spectrally non-selective. The instrument reads and 
plots data from Eastman II- B .sensitometer st rips (page 614) . 
A n electric spark passes t hrough the paper to record the data, 
the indexing of the graph paper and strip being entirely auto
matic (Figure 1!)2). Tuttle and Russell r.6 studied the perform-

F1a . 191. Diagram of light-moduh~t.ing device for 
recording physical densitometer. 

ance of the instrument in comparison with visual reading and 
found t he average error of t he physieal inst rument less than half 
that of the visual method. The latest instruments of this type 
have a capacity of about 25,000 readings a clay. 

In some physical densitometers, little regard is paid to factors 
ment ioned in the early part of t his chapter. There it was 
pointed out that the numerical vlllue of a density is dependent 
upon several of the characteristics of the optical system by which 
it is measured. In physical demitometers, the radiation meas
uring device is an important part of the optical system and one 
which is frequently different from the visual measuring device 
which it replaces. 

Selwyn and Pitt 13 are responsible for a thorough discussion 
of this subject, as a result of which they recommend that : 

1. T o avoid discrepalleics arising from inten eflections bebvce11 
optical parts and the :;ample, the base density should be reckoned 
as zero. 
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2. Opal glass should be placed between the photocell :tnd 
the materia.] being measured to keep the d istribution on the <:ell 
constant. 

3. The angle of the cone of light collected by the photocell 
should be kept ~;mall to avoid residual errors from the variat ion 
of dist ribution. 

Hiatt a nd Tuttle ~7 discuss the special case of a harrier layer 
eel! It S t he reeeiving clement. They found that, with the flat 
surface of t he cell close to the sample, a close approximation to 
diffu~ dem;ity is achieved with no diffusion in the system. 

Tuttle a nd i\'lcFarlanclo8 dealt with the special case of density 
measurement in sound-reproducer systems, showing the depend
ence of density upon the cone angle of collection. 

THE MEASUREJ\IEKT OF DE~SITY llY REFLECTION 

If a photographic image is produced upon an opaque support, 
as in the case of prints upon paper, it is necessary to measure 
the optical propert ies of the image by the light reflected from 
it. The relation between the light transmission of a photo
graphic image and the light reflected from it upon an opaque 
support was studied by Renwick, 59 who expressed his measure
ments in terms of the log-arithm of the ratio of the light reflected 
by the paper base to the light reflected by the image. T hus, 

the reflection density is assigned the value DR= log~. ana lo

gous to the expression for the density of transparent materials, 

D = log;. . According to Jones, Nutt~ng, und Mees,60 the rela

tion between the reflection a nd the transmission is given by the 
equat ion 

D ~ log "(t,--,C"';:.'I""''+-C'" ' 

C being a constant. This equation was criticized by Renwick/' 
who applied to the problem a study of the behavior of scattering 
medin by C hannon, Renwick, a.nd Storr.62 (n applying his re
sul ts to practical meas1Jrements, however, Renwick used approxi
mations whic~h led to the usc of an expression differing from that 
used hy Jones, Nutting, and :Mccs _only in the meaning of the 
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constants. The matter has been investigated further by F. and 
A. Urbach,63 who find that a slightly modified expression repre
sents their experimental results within the limits of error. 

The character of the optical system of a reflection densitom
eter has just as important an effect upon the numerical value of 
a density as it docs in transmission densitometry. 1\'lcFarlaneM 
lists eight optical factors which influence the measured value of 
reflection density, but the chief of these concerns the d istribu
tion of the reflected light. Light reflected from a photographic 
pri11t has two components, one specular and the other diffuse. 
The value of t he reflection coefficient depends upon the relative 
amoun ts of these two components accepted by the measuring 
element of the densitometer. For the best results when a photo
graphic print is viewed, it is necessary for the conditions of 
lighting and the angle of view to be such that the smallest 
possible amount of the specularty reflected light enters the ob
server's eye. If these conditions are not fulfilled, a more or less 
distinct image of the source of illumination will be seen on the 
picture, thus producing glare and preventing a satisfactory view
ing of the picture. To conform to this practica l print-viewing 
situation, the conditions of photographic paper densitometry 
have been set up to throw out the principal specular component 
and to measure diffusely reflected light. 

Owen and Sanders 60 show that, because of t he regular arrange
ment of fibers in machine-coated photographic paper, it is im
possible to avoid all of the specularly reflected light unless the 
paper sample is oriented correctly with respect to the incident 
beam; i .e., with the fibers in the plane of t he beam. The mag
nitude of the effect is not very great, and it was disregarded in 
paper densitometry up to t he time of the Owen and Sanders' 
article. 

Various forms of bench and wedge photometers * may be 
adapted to the measurement of the light reflected from papers. 
J ones, Nutting, and Mees 60 used a modified Bechstein illumi
nometer, of which a diagram is shown in Figure 193. The source 
of light, E, is a concent rated filament, 100-watt tungsten lamp. 
The light from this itluminates the screen, C, of thin, solid opal 

• Photometers ll~in~ polarized light must he used with proper precautiolll! to make 
certain that light reflcdcd from the paper st~ rfa<:c is not polarized to an e%tcnt which will 
vitiatethcrcsll l\6 . 



FIG. 193. Optical system of modified llcchstein illuminomcter. 

Fw. HJ4. Diagram of paper holder for refiectometer. 
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'glass. This screen is viewed through the objective, 0, the 
photometer cube, P, the rotating lens, J.2, and the stationary 
:1.djustable sector, S. The lens, L2, is rotated so that the open
ing of the sector, S, is inte)l;rated over the field, and t he intensity 
of the beam transmitted by Lz is therefore proportiona l to the 
apertm e of t he sector. This forms the outer field of t he pho
tometer cube, P. The inner field cont-iists of an image of the 
photographic print to be measured, which is placed in a suitable 
holder, H, on t he table directly under the right-angle prism, R, 
Un ima.p;e of the small portion to be measured being formed on 
the cube by the lens, [. 1• The surface of which the reflecting 
power is being measured is illuminated by the same source, E, 
which is used as a comparison source; therefore, variations in 
the intensity of this source arc of no importance. The holder, 
of which a cross section is sho,vn in Figure 194, consists of a 
met.nl ring, H, carried at the end of an a~m, T, projecting from 
the pillar, B. In the ring is fi tted a thin metal plate, in the 
eenter of which is an opening 4 millimeters square with edges 
beveled and carefully blackened to prevent reflection. The 
sample, X, to be measured is placed under t.his opening and 
pressed against t he plate, '1', by a flat-topped, spring-actuated 
plunger, 111. In this way, the paper is held perfectly flat and 
i:1 a horizontal plane. The horizontal plane through EPR (Fig
ure 1!}3) occupies a position in space about 25 centimeters above 
the plane of the paper in the holder, and the distance from P 
to JiJ is such t hat the light from E is incident on the Ramplc in 
the holder at an angle of 45°. Since the right-angle prism, R, 
through which the light enters the photometer cube is directly 
above the sample in the holder and the paper is held in a hori
zontal plane, it is evident that the brightness of the image in the 
photometer cube is due to light that leaves the paper nonnal to 
the surface. Figure 104 shows the conditions diagrammatically. 
Light from the source, E, is incident on the paper at 45°, The 
major part of the specular reflection goes in the direction S and 
is thus thrown out of consideration; while the light that illumi
nates the photometric field is reflected normally to the surfaee 
of the print. Thus, the condit ions of illumination and direction 
of observation used in measuring the reflecting power are very 
~-;imilar to those existing when a picture is viewed by an observer. 



® 

FIG. 195. Optical ~ystcm of combination transmission
refl ection densitometer. 
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, In this instrument a portion of the paper that lwH been devel
oped and fixed without exposure is pbeeJ under the opening in 
the holder, II. The wedge, IV, is sd so tha.t the two halves of 
the field balance, and the wedge is clamped in position. When 
other portions of the print arc placed under the opeuing, the 
::;ector is set again so as to give a balance in the field, aud the 
value of the reflecting power (in percentage) is read direcUy from 

'the scale attached to the sector. 
McFarlane'"' adapted the Capstaff-Purdy transmission densi

tometer to the measurement of reflection densities, and his 
optical system was later incorporated hy 1\lorl'ison and .:'vlcFar
lane 66 in a combination transmission-reflection densitometer, 
fr·om which the diagrammatic sketch of the two optic:J.l systems 
iil taken (Figure 195). The lower half (B) shows the manner 
in which the instrument is used for reflection measurements. 
The light source, A, illuminates the paper sample at an angle of 
45°. The normally reflected light is collected by the lens, L,, 
which illuminates the clear, central aperture of the mirror, G. 
The comparison beam passes through the circular photographic 
wedge, IV, and is reflected by the mirror, D, and v;lass plate, F , 
to the outer reflecting portion of the mirror, G, which forms the 
photometric field. 

Physical densitometcrs have been applied to reflection as well 
a."l to transmission density measurements. Owen and Da.vies/7 

after a careful study of the possible sources of discrepancy be
tween visual and photoelectric reflection density readings, set 
up an instrument using a neutral wedge. They were able to 
avoid error due to visuttl and photoelectric color sensit ivity differ· 
enccs by using a suitable filter. They were also able to increaS<) 
the collection angle to a point where sufficient sensitivity was 
obtained without serious departure from visual values obtained 
wit h a smaller collection angle. 

The essenti~l.l parts of the optical system of a new photoelec
tric densitometer designed by Tuttle are shown in Figure 196. 
A concentrated filament source, S, is imaged by t.he lens, L 1, 

on an area of a print at P. Before reaching P, the light beam 
is reflected once at plane mirror M1 and again at mirror M 2 , 

so that it is incident on Pat an an~lc of 45°. The t wo mirrors 
are mounted in the interior of a drum driven from its periphery 
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so that it revolves about the optical axis of the instrument. 
The incident beam is rotated several times a second so that light 
reaches the sample from every direction but always at an angle 
of 45° to t he normal. The normally reflected light enters a 

a f ____ _ "~ ---- -,- ---~-------3f--1· ---<+~~-p -~~';>-Jf.=--= s ---< I kt (N 
0 ~--- -- ,..,. 6 
~ ~ 
FlO. 196. Optical system of automatic paper densitometer. 

right-angle prism, N, and is concentrated by a lens, L~, onto a 
barrier layer cell , C1• The output of the cell, C., as measured 
by a galvanometer whose period is several times that of the 
rotating beam, is an average value for all angles of incidence. 
Thus, the effect of paper texture, which was pointed out by 
Owen and Sanders, is taken care of. A second beam from the 
source, S, is imaged by the lens, L3, onto a piece of unexposed 
paper, also at an angle of 45°, This sample is rotated by the 
motor, E. The cell, C2, integrates the light coming normally 
from the sample. C2 is opposed in polarity by C. . Light on 
C1 is modulated by the diaphragm in L1. This diaphragm is 
similar to that in the automatic transmission densitometer (Fig
ure HH), and the whole photoelectric and automatic control 
sy:;tem of the reflection recording densitometer is very similar 
to the instrument described on page 664. 
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CHAPTER XVIII 

THE MEASUREMENT OF SPECTRAL SENSITIVITY 

A knmvledge of the way in which the sensitivity of a photo
graphic material is distributed throughout the spectrum, in the 
ultraviolet and infrared as well as the visual regions, is of impor
tance from many points of view. The correct rendering of colored 
objects on the black-to-whi te tone scale is conditioned by the 
spectral sensitivi ty of the material. As early as 1882, Abney 1 

studied the spectral sensitivity of photographic materials by 
exposing them in a spectroscope. By plotting densities deter
mined by visual estimation against wave length, he obtained a 
eurve of spectral sensitivity. He later improved the method, 
and in 1S88 2 he suggested impressing on the same plate an 
exposure to a spectrum and a series of known exposures to white 
light. The opacities of the spectrum exposures were then meas
ured and interpolated between those of the white-light exposures. 
He thus obtained a curve showing the equivalent spectral inten
sities for various wave lengths. Since that time, many methods 
have been proposed for the measurement and expression of color 
sensitivity . 

All methods used for obtaining information as to the spectral 
sensitivity of photographic materials involve the isolation of 
more or less narrow spectral bands and the observation, either 
qualitatively or quantitat ively, of the response produced when 
the material is exposed to these more or less homogeneous radia
tions. For this purpose, a wide variety of special instruments
monochromatic sensitometers, spectrographs, tricolor tablets, 
rat.iometers, color charts, and filter assemblies-have been de
vised. The more refined methods involve the dispersion of 
radiation by suitable elements, such as prisms or diffraction 
gratings. Instruments of this type may be divided into two 
general classes. The first includes those in which the photo
graphic material is exposed to the entire spectrum at the same 
time; in the second, a single, narrow band of practically homo-
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geneous radiation is isolated, to which the photographic material 
is exposed as in the sen~itomcters already described. W hile it is 
impossible to draw a strict line of demarcation, the term mono
chromatic sensitometer is usually applied to instruments of the 
second elass, while the term spectrograph is used in reference to 
those of the first dass. 

MO:'iOCHR011.fATIC SENSITOMETERS 

An optical system for isolating monochromatic radiation of 
high spectral purity is used in the monochromatic sensitometer 
described by Jones and Sandvik.3 This consists essentially of 

FIG. 197. Optical system of monochromatic scn~;itomctcr. 

two quartz monochromatic illuminators. The radiation emerg
ing from the exit slit of the first monochromatic illuminator 
passes into the second (Figure 197). In t his way, practically 
all of the stray radiation is eliminated, so that the radiation 
emerging from t he exit slit of the second monochromatic illumi-
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nator is entirely of the wave length indicated by the wave length 
drums of t he two instruments. High purity is the prime requi
site for work of t his kind, especially for those spectral regions 
where the energy from the light source or the sensitivity of the 
material is low compared with t hat in other spectral regions. 
After being isolated, the homogeneous radiation is allowed to 
fall on the photographic plate and, by means of n suitab le 

F'w. 198. Sector disk of monochromatic sensitometer. 

mechanism, the t ime of exposure is varied in a known manner. 
The method adopted by Jones and Sandvik employs a sector 
disk of specia l type (Figure 108) in which t he apertures are 
arranged spirally around the axis of rotation, and the entire disk 
is moved laterally while rotating at a uniform angular velocity. 
By utilizing the spiral a rrangement of apertures, the maximum 
exposure t ime corresponds to an angu lar rotation of 720" of the 
shutter disk. In this way, twelve exposures increasing by con
secutive powers of two are given, the range of times being from 
1 to 2048; and an exposed sensitometric strip of the conventional 



680 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

type is obta ined. After each step is exposed, the plate holder is 
moved automatically in to place for the exposure of the next step. 

The monochromatic sensitometer described above was made 
with quartz optics and especiall y adapted for use in the ult ra
violet region of the spectrum. For the longer wave lengths, this 
instrument is less satisfactory because of the low dispersion of 
quartz toward the red end of the spectrum; and a somewhat 
different instrument is desirable for the visible and near infrared 
spectrum. Such an instrument was described by Evans. 4 In 
this, the dispe rsiug elements consist of replica gratings so ar
ranged t hat a constant dispersion is obtained whatever the wa.ve 
length. The exposing system in this instrument is arranged to 
give an intensity scale by using intermittent exposure. Two 
sector wheels are located just in front of the exposure plaue. 
One has a single opening of 180° and performs a single revolution 
in 30 seconds, t hus giving an exposure of 15 seconds' duration 
at all points of the exposure field . If longer exposures are 
required, the sector wheel can be stopped after it has performed 
half a revolution a nd t hen allowed to complete its revolution 
after the required time has elapsed. The other sector wheel, 
shown in Figure 199, contains a large number of radial apertures, 
their length graduated in nine steps, but all starting from t he 
periphery. In this way, the sector wheel has nine concentric 
zones of aper tures, the outer one transmitting half of the light, 
t he next one quarter, and so on. The ninth zone admits 1/5 12 
part on ly and is represented by a single slot. The sector wheel 
is driven by a motor at app roximately fifty revolutions a second. 
As shown by Webb 5 (Chapter VI , p. 253), if a photographic 
material is given an intermittent exposure, the photographic 
effect will be the same as that of a continuous exposure of the 
same duration and intensity equal to the average intensity of 
the intermittent exposure, provided that the frequency of flash 
is above a certain critical frequency for such intensities, and 
the exposure scale used is thus exactly equivalent to an intensity 
scale. 

By the use of a thermopile at the exit slit of the monochrom
ator, the energy flux density of t he monochromatic radiation may 
be measured. A thermopi le-galvanometer combination of high 
sensitivity is required, and care must be exercised in making the 
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energy measurements to obtain reliable ~t.nd precise results. The 
determination of these energy values with the required precision 
is, perhaps, t he most d ifficult step in the process of obtaining 
absolute value . ., of spectral sensitivity. 

The monochromatic sensitometer gives exposed strips of the 
conventional type. They are subjected to a series of increasing 
development times; and a complete family of characteristic 

F10. 199. Sector disk of radiul type, 

curves i~; obtained for each wave length, the exposure values 
being expressed in terms of energy (ergs per unit are:t). From 
these may t hen be plotted curves showing the variation of sensi
tivity and "Y with 'vave length throughout the spectrum. 

The variation of "Y with wave length has been the subject of 
a number of investigations. The fact that photographic con
trast changes with wave length was discovered independently 
by Abncy 6 and Precht.7 The matter was investiga ted in detail 
by Chapman Jones 8 on .a number of different photographic 
plates; and he concluded that, in general, the contrast increases 
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·continuously from the ultraviolet to the red, the shape of the 
characteristic curve varying, with a shortening of the straight
line portion as wave length is increased. Abney did not confinn 
this result using pure silver salts instead of commercial ernul· 
sions. He found that t he least steep gradation is t ha t given by 
the monochromatic light to which the silver salt is most sensitive 
und that the gradation becomes steeper as the wave length 
c::1ploycd departs in either di rection from this point, the steepest 
gradation being given by the extreme red. Leimbach~ found 
no change of grada tion with wave length . A considerable mun· 
ber of publica tions on the subject are summarized by R oss, 10 

p:trticularly in relation to their application in astronomy. His 
conclusions are endorsed by all modern \Vorkers on the subject. 

The relation of 1' to wave length follows no general rule. 
It depends upon the emulsion and is complica ted by the failure 
of the reciprocity law. Emulsions behave differently according 
to the way in which the different sizes of grains are sensitized 
by the dyes employed. Thus, if a dye sensitizes smaller grains 
selectively, it will change the gradation for the region for which 

·it sensitizes compared with the speetral regions in which the 
sensit ivity does not depend upon the presence of the dye. Some 
dyes produce notable changes in 1'; others, very small changes 
in 'Y; so that it is impossible to make any genera.} statement 
about the relation of 'Y to wave length for optically sensitized 
emulsions. 

In Figure 200 the curves show the variation of 'Y with \Vave 
length for four diffe rent sensitizings of the same high·speed 
emulsion. A is the unsensiti zed emulsion, JJ the same emulsion 
sensit ized to the green, a nd C and D are two panchromatic 
scnsitizings. I n F igure 201 the curves show the variation of 'Y 

with wave length for different sensitizings of a medium·speed 
emulsion, single dyes being used for sensitizing in this case. 
A is the unsensitized emulsion, B is sensitized \Vith a pseudo· 
cyanine, sensit izing to the green, C with a merocyanine, D with 
a t.hiacarbocyanine sensitizing to the green and orange, and E 
with a di benzthiacarbocyan ine sensitizing to the red.* 

The shape of the wave length sensitivity curve depends greatly 
upon t he manner in which sensitivity is defined. For ordinary 

• For inform11tion regarding the!IC dyes, !ICe Chapters XXIII and XXIV. 



THE MEASUREMENT OF SPECTRAL SENSITIVITY 683 

sensitometric purposes, sensitivity is expressed in terms of visual 
meter candle sc<:onds. For the expression of monochromatic 
sensit.omctric results, it is obvious that this method is useless, 
and it is necessary to express exposure in terms of energy units. 

FIG. 200. Variation of "Y with wave length for four scnsitizings of a 
high-speed emulsion: A, unsensitizcd emulsion ; B, sensitized to green light ; 
C and D, panchromatic sensitizing!!. 

y 

FIG. 201. Variation of 'Y with wave len!l;th for a medium-speed emull;ion: 
A, unsensitized; B, sensitized with a pJSeudocyanine; C, sem;itizcd with a 
merocyauinc; D, sensitized with a t hiacarbocyanine; E, sensit ized with a 
dibcnzthiacarbocyuninc. 

]<~xposure, therefore, may be expressed in terms of ergs (or other 
suitable energy units) per unit area. 

A suitable method of expressing spectral sensitivity remaius 
to be considered. It is po:-;~ib le, of course, to compute the S£~Hsi

tivity at various wave lengths in terms of reciprocal inert.ia. 
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By plotting reciprocal inertia values as a function of wave length , 
a spectral sensitivity curve is obtained; a nd for many purposes 
this method seems to be satisfactory. It should be pointed out, 
however, that spectral sensitivity can be expressed in other ways, 
a nd it is possible t hat some of these may be more usefu l from 
the practical point of view. If spectral sensitivity is defined in 
terms of the energy required to produce a density of unity for a 
fixed time of development, the shape of the spectral sensitivity 
curve is quite differen t from that based upon inert ia . More
over, if a. higher density value is chosen, a. still further modifica
tion occurs in t he shape of the spectra l sensit ivity curve. 

There docs not seem to be any mea ns of determining the most 
de:-;irable mode of exprcssinp; spectra l sensit ivity; the particular 
problem in hand must probably be the deciding factor. For 
theoretical purposes, there is an advantage in defming spectral 
sensit ivity in terms of the energy required to give a density of 
unity when development for a ll wave lengths is carried to a 1' 
of unity. For practical purposes, however, a fixed development 
time seems preferable. In order to discount somewhat the mis
leading effects due to the variation of ')', the determinat ion of 
the energy per unit area req uired to give a density of unity in a 
fixed time of development seems most satisfactory as a mode of 
expressing spectral sensit ivity. The most suitable developmen t 
t ime is probably that which, for a sensitometric strip exposed to 
white light, produces a 'Y approximately equal to that to which 
the material is usually developed in practice. 

1 n Figure 202 are shown the spectral sensit ivity curves of a 
panch romat ic hi m expressed by va rious methods. In curve A 
the in verse of the inertia val ues (measured in ergs per squa re 
centimeter) is plotted against the wave length. In curve B, 
the sensitivity is expressed as the reciprocal of t he exposure 
(measured in ergs per square centimeter) requ ired to produce a 
constant density for uniform development, t he degree of devel
opment being that required to give a 'Y of unity for white-light 
exposures. In curve C, the same method of expression is em
ployed as fo r curve B, but the logarithm of the sensitivity is 
plotted. In curve D, the sensit ivity is expressed as in curve C, 
but the development at every point of the curve is that required 
to produce a 1' of unity. 
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It should be borne in mind that the spectral sensitivity curve 
plotted in accordance with the specifications given in the last 
paragraph represents the characteristics of the photographic 
material itself, quite apart from' any consideration of the energy 

,,~~--~~--.. ~,,.---•.. ~,,-~~----~~ 
WA.V'f. lEH6TH (m~) 

Fro. 202. Spectral sensitivity curves of panchromatic film 
expressed by various methods. 

distribution in the light source used. The curve thus obtained 
shows the response of the material when used with a light source 
emitting the same amount of energy at all wave lengths. In 
practice, light sources used for photography depart greatly from 
this condition of an "equal energy" spectrum. Figures 203 and 
204 illustrate the strong influence which the spectral composition 
of the radiation can exert on color rendition. In Figure 203 is 
shown the sensitivity curve of a panchromatic film plotted on 
an equal energy basis. In Figure 204 the dotted curve, A, 
represents the distribution of energy in the radiation emitted by 
an incandescent tungsten filament operating at a color tempera
ture of 3000°, which is an efficiency frequently met in practice. 
The curve B is obtained by multiplying, wave length by wave 
length, the ordinates of curve A by the ordinate.s of the spectral 
sensitivity curve of the material and represents the sensitivity 
curve of the film to the tungsten light source. 

The van Kreveld addition law 11 furnishes a convenient method 
of calculating the sensitivi ty of an emulsion for any type of light 
source or combination filter and light source, provided the spec-
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tra l sensit ivity data are availab le for the emulsion in question. 
A full description of it has been given by van Kreveld. (See 
also Chapters V, p. 224 and VI, p. 250.) The addition law 
may be stated as follo \vs: If the enerj.!;ies required to pro
duce a given density for a serie::; of wave len!-!;ths, X1, X2, A3 , ete., 
arc, respectively, 8~11 E~2 , E~-.. etc., any combination of these 
wave lengths wi th combined energy, o:E~ 1 + {3E~2 + -yE~.1 + · 
etc., will produce the same density provided only that o: + f3 
+ 'Y + · = 1. This law can be put into a more useful ana
lytical form if the sensitiv ity of t he emulsion, 8~11 to one wave 

length, A1, is expressed as the reciprocal energy, i, required 

to produce the stated density . The sensitivity of the cmub,;ion 
to any mixture of wave lengths, A1, A.2, A~, etc., can then be ex
pressed by the equation 

Sm = a + b +a c + ... s~l + a + b +b c + ... SA2 

where a is the amount of energy of wave length A1 in the mixed 
rad iation; b, tha.t of wave lengt.h A2, etc. 

If it. is desired to express the sensitivit .. Y of the emu lsion to a 
continuous bawl of wave lengths of energ_y distribut-ion, .M (A. ), 
the sen~;itivity to each wave length ca.n be . .,;peeified by S(A) and 
the above summat ion replaced by the integra l 

S ~ fS(X) M (X)dJ... 
• fM (X)dJ.. 

van Kreveld 12 has also shown how the above fo rmula can be 
used to express the daylight sensit.iviLy of an emulsion in terms 
of visual ma~nitudes. If O(A) is the ::;peetml sensitivity function 
of the eye expressed in lux em .~ sec./ erg, t he expression 

S _ S(X) M (X)dX 
' - O(X)M(X)dX 

can be considered as the daylight scm;it ivity in units lux-1 sec.- 1• 

Va lues of the quantity 8 1 for a number of emulsions are pre
sented in the paper by va n Kreveld mentioned above. 



688 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

SPECTROGRAPHS 

In spectrographs, the radiation from a suitable source is dis
persed by means of a diffraction grating or prism, and the 
spectrum thus produced is allowed to fall directly upon the 
photographic material. The method has the advantages of sim
plicity and rapidity. 

By control of the dist ribution of energy incident upon the 
entrance slit, the spectrograph may be made to give directly a 
graphic representation of the effective spectral response curve of 

F10. 205. Diagram of wedge Bpeetrograph. 

the photographic material and light source used. Instruments 
of this kind are usually referred to as wedge spectrographs. A 
rotating sector of logarithmic form may be placed between t he 
light soun:e and the slit of the instrumentY Such rotating 
sectors, sinee they must be quite small, are rather difficult and 
expensive to manufacture; and a better solution of t he problem 
is t he use of a neut ral gray wedge placed directly over the slit 
of the spect rograph, as proposed by Mees and Wratten.14 The 
construction of such an instrument is shmvn in Figure 205. 
A diffraction grating provides normal dispersion. A scale pla te 
is placed in the plate holder, so that during exposure a wave
length scale is printed directly on the spectrogram. 

Various modifications of this instrument have been devised 
whereby spectrograms can be obtained for special types of energy 
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distribut ion. A wedge 13pcctrograph in which the photographic 
plate is exposed to a spectrum of uniform energy distribut ion 
gives directly the spectral sensitivity of the emulsion. An in
strument designed to operate in this way has been described by 
Bertling.1~ In addition to the neutral wedge for modulating the 
intensity of exposure at each wave length, this instrument con
tains a neutral density near the focal plane of absorption, de
signed to bring the energy at each wave length to the same 
value. Another instrument, which was designed by Fricke 16 

to give spectral sensitivity data directly, operates by having the 
photographic plate moved across the spectrum behind a slit and 
a movable wedge operated by a cam over the entrance slit. In 
this way, the intensity of the beam of light entering the instru
ment is controlled to give an equal energy exposure at each 
wave length. 

Though wedge spectrographs giving equal energy exposures at 
each wave length are useful in special cases, by far their greatest 
field of application is in showing the response of a photographic 
plate to a given type of radiation source. For this purpose, the 
original type of instrument is quite suitable. In F igure 206 are 
shown examples of records obtained in the wedge spectrograph 
with photographic materials having various spectral sensitivitieH. 
The envelopes of the light portions constitute the spectral re
sponse curves for the various photographic materials as used 
with a particular light source. In the case illustrated, the quality 
of radiation was approximately equivalent to that of noon sun
light. It should be remembered in the interpretation of these 
spectrograms that the wedge used over the slit has a linear 
density gradient and, therefore, the distribution of radiation 
along the slit decreases logarithmically from one end to the 
other. These envelope curves, therefore, arc in logarithmic form 
and cannot be compared directly with spectral sensitivity curves, 
such as that illustrated in Figure 203, where the ordinates are 
relative sensitivities, not the logarit.lrms of sensitivity. The 
envelope curve represents, of course, the sensitivity indicated 
by the just perceptible extremity of the toe portion, as modified 
by the printing process, and not the inertia or unit density 
sensitivity. Two other factll should be kept in mind in judging 
these spectrograms. The apparent decrease in sensitivity at the 
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short wave length end is due to selective absorption in the neutral 
gray glass of which the wedge is manufactured, and the wedge 
spectrograms made in this manuer represent not only the spec
tral characteristic of the material but the spectral emission 
chu.mcteristic of the source used in the spectrograph. 

.... ~~~~~.- .. 
~. 

c 

B 

A 

rto. 206. Wedge spect rograms of (A) unsen~itizcd, (B) ort hochromatic, 
and (C) panchromatic materbl~. 

It is possible to avoid the undesirable selective absorption 
characterist ics of a neutral g;ray glass wedge by using a spec:ially 
dcsig;ned nonspheric~ll condensing system for t he illumination of 
the slit of the spectrog;raph. The various forms which have been 
proposed a re diseussed in Chapter XVI, p. 619, and a re illus
trated in F igure 170. Using such a system, .Miller 11 designed a 
spectrograph with which the results illust rated in F igure 207 
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were obtained. This figure shows the spectrograms obtained 
on a panchromatic, an orthochromatic, aud an ordinary (blue
sensitive) photographic material. 

An inspection of wedge :spectrograms yields a great deal of 
information as to the distribution of sensitivity and some qu11li-

c 

B 

A 

FIG. 207. Wedge spectrograms of (.4) Hn~cm•itizc•l, (B) ortlmehromatic, 
and (C) panchrum11tic materials taken on the ~ filler :pcctrog:raph. 

tative idea of the variation in 1' 'vith wave length of the ex
posing radiation. They cannot be considered a._<; l:latisfactory 
as the determinations mttde by monoehromatic sensitome
try, but as permanent, comparative records obtained without 
undue labor, wedge spectrograms have much to commend 
them. 
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To obtain a simple specification· of color sensitivity expressed 
by a few numerical values, it is frequently convenient to depart 
from the monochromatic method and determine the response of 
photographic mnte ria ls to relatively broad spectral bands. This 
method of obtaining a numerical expression for spe<:tral sensi
tivity is very old, being used first about 1895,18 probably by 
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F10. 208. Spectral trans mission curves of Wrattcn filters; curve D, 
spectral sensitivity curve of panchromatic material. 

Abney. He used a tablet made of a series of colored glasses, 
each transmitting a relatively broad spectral band and adjusted 
to give equal illuminations. A similar method was used by 
Edcr for testing the relative spectral sensitivity of orthochro
matic plates. In his earlier work, the spect rum was divided into 
two part-s : one containing all wave lengths longer than approxi
mately 495 m~; and the other, all wave lengths shorter t han 
this. This wave length represents approximately the long wave 
length limit of t he sensit ivity of an ordinary noncolor-scnsitized 
material. The values obtained, therefore, give the ratio be
tween the sensitivity due to optical sensitizing and that due to 
the inherent sensitivity of the unsensitized silver halide. Later, 
Edcr 19 d ivided the spectrum into t hree regions: orange-red, 
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green; and blue-violet. ' Vall 20 also employed three selectively 
absorbi ng fi lters, dividing t he spectrum into three parts similar 
to those used by E der. 

Probably the most widely used method of this type involves 
the use of three filters having selective absorptions so adjusted 
as to divide the visible spectrum into three approximately equal 
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FIG. 209. Tricolor tablet for use in sensitometer. 

wave-length bands. As typical of such filters, the 'Vratten tri
color set may be mentioned; and, in fact, since this set of fil ters 
is practically standard throughout t he world for three-color 
processes, the expression of color sensitivity in terms of these 
three filters has become almost universal. In Figure 208 are 
plotted the spectral transmission cu rves of the t hree filters in 
question ; namely, Wratten No. 25 (A), red ; Wratten No. 58 (B ) , 
green; Wratten No. 49 (C4), blue. 

In practice, sensitometric results are obtained by using a t ri
color tablet of t he structure illustrated at (a) in F igure 209. 
Strips of these filters, which are manufactured in the fo rm of 
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dyed gelatin, a.nd a strip of undyed gelatin film are cemented 
between t wo !:iliccl.s of glass. The d imensions of this ta.blci nrc 
sueh t hat it just fits into t he plate holder of a sensitometer of 
the ord inary white-light t ype, and the st rips are of such width 
t ha t one sensitometric cxpo:-;urc is made through each of the 
four fi lters. To obtain cxpo:-;ures through the t rico lor fi lters 
whieh bala.nee fairly well wit h t hat made through the d ea r fi lter, 
it is customary to inerease the t ime of the tricolor fi lter cxposmes 
so that it is eight times as long as tha t made through the clear 
area. At (b) , Figure 20!), is shown t he result obtained by appli
cat ion of thi:o; method to a panchromat ie material. T he result 
iH expressed nHua lly in terms of the jillt>r j(tc/ors for the tricolor 
filters, these hcing the facWrs by which the exposure without a 
fi lter must be increased to give the sa me result when the fi lters 
a rc interposed. These ft~c:Lors a re an expression of the color 
sensitivity of the material. Thus, in Figure 208, the dotted 
curve D is the spectral l'iensit ivity curve of the panchromatic 
materia l use(l in making the t ricolor exposure reprodueeJ at (b) 
in Figm e 209. T he t ricolor ratio for Lhis material, estimated by 
use of t he densit ies in the half-tone region, is lli-8- (i, these 
numbers being, as ment ioned previously, the multiply inJ!; factors 
for t he blue, green, and red filters, r·espectively. T his conveys ,.[hd ~ .. 

1::~ .. . 
~ • • ... k 

; • "'-"" 

some idea of the relat ion be
tween the spect ral sensitivity 
of a photographic material 
expressed in terrns of the sen
sitivity-wave length function, 
as derived by t he methods of 
monochromatic scJrsiWmetry, 
and the t ricolor mtio values. 

- - · o.ooo• C""o•,..-•....,,u .. (oo••n• •) T he filter f:tctors depend, of 
FIG. 210. EfTcl:t ~ •f the ~;olor tcmpcm- course, upon the color of t he 
ture of thewurce upon filter factor~. light source. lf they are to 

be used in practical photo
~m.phy, they must be determined for the light souree with which 
they are to be employed. The va riation of the filter factors with 
the color temperature of the light souree is illustrated in Figme 
2 10, in which the relat ive Ji ](er factors for the three Wratten fi l
ters arc plott.cd against the color temperature of t he light source. 
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The filter factors vary also with the way in which the material is 
developed. Thus, if they are to be used in making separation 
ncg;ativcs, for example, and the three negatives are to be devel
oped to get t he same y, then the filter factors will be proportional 
simply to the inertia readings derived from the characteristic 
curves. On the other hand, if the three exposures behind the 
fil ters arc on the same fi lm or arc otherwise developed together 
for the same time, they will have somewhat different va lues of 

FIG. 211. Characteri~tic curves of panchrotllati c film exposed through filter.l. 

y, and t he filter factor will depend upon the density at which t he 
exposures arc to be matched. T hus, in Figure 211 are shown 
the chamcterist.ic curves for unfi ltered, red, green, and blue ex
posures on Eastman Tri-X Panchromatic fi lm, and from these 
curves the followi ng tab le can be constru cted: 

Fn.'l'F.n FACTO fl.'~ 

D Hnl Green m~ 

0.5 5.5 8.3 6.3 
1.0 5.0 7.8 8.1 
1.5 4.8 S.5 9.5 
2.0 6.6 11.0 7.4 

It is seen that when the negatives are developed for the same 
time, different factors arc required, according to whether the 
match of density is to be obtained in the highlights or in the 
shadO\vs. The relative y's obtained depend upon the time of 
development, so that the relative filter fac tors also depend upon 
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the time of development. The-y-wave length curves for a series 
of development times which apply to a particular panchromatic 
material are shown in Figure 212. 
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Fw. 212. y, wave length curves for a series of development times. 

The relative filter factors also depend upon the reciprocity law 
failure of the material. This can be seen from Figure 213, in 
which the reciprocity curves show the exposure required to pro
duce a density of 0.50 over a wide range of exposure t imes for 
light passing through the red, green, and blue filters on a typical 
panchromatic material. The lines of constant t ime are vertica l, 
and the constant intensity lines ar e at 45° to the log time axis. 
It is seen that the filter curves are parallel to t he non-filter curve 
since the reciprocity law failure is independent of the color of 
the light. The log I t separation of the fi lter curves and the non
filter curve is equal to the effective absorption of the filters. 
Since the vertical separation of these curves is identical any
where along the log-time axis and since vertical separations 
represent exposure ratios for equal photographic effect at con
stant time and variable intensity, it is apparent that the exposure 
ratios, or filter factors, will be constant only when exposure is 
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increased by increasing the intensity of the filtered light. On the 
other hand, the amount by which exposure must be increa..'icd by 
increasing the exposure time rather than intensity is represented 
by the log I t separation of the constant intensity intercepts of 
the reciprocity curves. The magnitude of this separation is 
dependent upon the intensity level at which the constant inten
sity line is drawn and, t herefore, the filter factors applied in this 
manner depend upon the reciprocity law failure of the material. 
Thus, in Figure 213, when the exposure time is 1/ 10 second for 

2.o4!:;;.,-------;~----;,~-----j,!;;-o----7, 
LOG t (S&.C.) 

Fra. 213. Reciprocity curves for panchromatic material 
exposed through filters. 

t he non-filter exposure, the variable intensity fi lter factor for the 
blue filter is represented by the log It separation of the blue and 
non-filter curves along line MN and the variable time factor by 
the log It separation between M and 0. These factors are 17 
and 16, respectively. If the non-filter exposure time is 10 sec
onds instead of 1/ 10 second, the variable intensity factor, as 
measured at AB, is again 17; but the variable time factor, repre
sented by the log It separation between A and G, is now 47. In 
practice, therefore, filter factors must be determined for the con
ditions in which they are used. 
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CHAPTER XIX 

THE INTERPRETATION OF SENSITOMETRIC RESULTS 

In the practice of sensitometry, t he photographic material is 
exposed to a known quantity and (Jtmli ty of mdia tion , is devel
oped under standard conditions, and the dcn~itics resu lt ing from 
t he variou.-:; exposures arc t hen mcl\Sured. T he resul ts are ex
pressed in graphic form by plotting curves, a nd from these curves 
numerica l con.':ltants arc derived whic h are used in specifying the 
clmracteristics of the materia l. 

The mo!:it generally used cu rve is in the form proposed by 
Hurter and Driffic ld for the p resentation of sensitometric data, 
in which the density is plotted against the log;arithm of t he 
exposure."' This is properly called the characteristic curve, but 
it is more popularly known as the H and D curve. For the 
purposes of t his discussion, a typical curve is shown in Figure 
214. According to the mathematical formulas, the character
kitic curve shou ld have a definite inflection point, bu t in practice 
a considerable port ion of t he D, logE curve of negative mate
rials is a straight li ne within the limit of experimental error, and 
the attainment of more precise data by refinement of sensito
metric methods does not resul t in showing any deviation from a 
stra ight line fo r many actua l materials, so that t he t heoretical 
inflection point cannot be determined experimentally with p re
cision. Throughout t he straight-line portion of t he character
istic curve, t he density is directly proportiona l to the logarit hm 
of t he exposure, and for the correct proportiona l rendering in 
t he negative of the various object brightnesses, t he camera 
exposure should be ad justed so t hat the brightnesses to be 
rendered fall in t he straight-line region of the cu rve. 

The relation between a given logE in terval, n logE, and the 
. . . . . . aD 

correspondmg density mlerval, t::.D, 1s p;1ven by the rat1o n logE, 

which is an expression of the average slope or grad ient G for the 
• Sec all!OChnptcr V, p. 201. Chapter X I , p. 40'.!, Chapter XVII, p. 6:l8. and <'..l!ll<lCially 

Chapter XVI. p. 58fl. in which 80me of tloi8 di!ICulfl>lion is nece>~~~arily duplicated. 

699 
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interval a log E. Except for the straight-line portion of the 
cur ve, the gradient is not constant and must be expressed gener-

ally in the differential form, G = d ~~B . For the straight-line 

portion, however, the gradient is constant and can be expressed 

·•1--t--1--1-+7-+---t"'-H--1---1-1-1 
\ 
\ 

1.<;. ::z.o 'i!..4 'Z... 4.0 
M \..06 £;)1.P0~UR~ (M.t. ... ) 1't I:. 

FIG. 214. The characteristic curve of Hurter and Driffield. 

as the tangent of the angle a formed between the straight-line 
portion of the characterist ic curve and t he log E axis. The 
t angent of this angle was called gamma, ")', by Hurter and 
Driffield. For the straight-line portion, therefore, 

dD 
G = d logE" = constant = tan a = "Y· 

T hus, "Y is the proport ionality factor giving the relation between 
a given logE difference, a logE, and the corresponding density 
difference, aD: 

~D/~ logE~~· 

If, in an object being photo~raphed, two areas have brightnesses 
of 10 and 80 units, t he <llog E value becomes log 80 - log 10 
= 0.90. If both are rendered on the straig!lt-line portion of 
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the D" logE curve and if 1' = 0.8, then 

t>D/0.90 ~ 0.8 
and 

t>D ~ 0.72. 

If a = 45°, tan a or y becomes unity, and any logE increment 
is rendered in the negat ive by an identical density difference. 
This is the condition which must be fulfilled if it is desired to 
reprodu ce exactly in the negative the brigh tness contrast in the 
object. 1f y is less than unity, correct proportional reproduction 
will be obtained but wi th compression of the object brightne!58 
scale, while, if y is greater than unity, correct proportional 
reproduction will also be obtained but with expan sion of the 
brightness scale. 

Since 'Y is equal to the ratio of the negative density difference 
to the corresponding log exposure difference, it is frequently used 
as a means of expressing the contrast of the negative or of the 
photographic material. It should be borne in mind constant ly 
that 1' gives information pertaining only to the straight-line 
portion of the curve and tells nothing of the contrast character
istics of other portions of the D, log E curve. 

Projection of the straight-line port ion of the D, logE curve 
on the logE axis determines the log exposure range over which 
direct proportionality between D and logE exists. By dropping 
perpendiculars from A and B (Figure 214) to the logE axis, the 
points M a nd N are established. These fix the limits of this 
exposure range. The distance between M and N is called lati
tude, and may be expressed ei ther in logE units or in exposure 
units. Thus, 

Latitude = log EN - log E.~t (logE units) 

Latitude = Es/E.~r (exposure units) . 

The value of latitude for any given D, logE curve determines 
the maximum object contrast (ratio of maximum to minimum 
object brightness) which may be rendered with strict propor
tionality between density and log exposure on that photographic 
material processed under the specified condit ions used in obtain
ing the characteristic curve. Latitude is not a constant for a 
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given photographic material, since its valu~ depends upon the 
extent to which development is carried u.nd, to a lesser extent, 
on other processing factors. It depends also upon certain expo
sure conditions, such as the quality (spectral composition) of the 
exposing radiation. 

When the straight line is produced to cut the axis, the point x 
at which t he intersection occurs was called by Hurter a.nd 
Driffield the inertia, i . They utilized this point as a measure 
of the sensitivity of the photographic material, taking the sensi
tivity as proport ional to the reciprocal of the inertia and express
ing the effeetivc sensitivity or Bpeed of the material as equal to 
a constant divided by the inertia, 

F rom t he point A (Figure 214) the D, logE curve continues 
to the left into t he region of decreasing exposure with constantly 
decreasing gradient, G, until at the point C this gradient becomes 
zero; that is, the curve becomes parallel to or, if correction for 
fog has been made, coincident with the logE axis. This region, 
C to A, may be referred to as the toe of the characteristic curve. 

Sim:e the gradient, d 1~~ E, decreases progressively from A to 

C, it follows that the density difference, AD, corresponding to a 
given small A log E, decreases continuously as the exposure is 
decreased, becoming zero at the exposure va.lue correspondinp; 
to the point C. Thus, the power of t he photographic material 
to show detail due to brightness differenees in the object become~; 
leHS a.nd less through the toe of the curve, va.nishing entirely at 
an exposure value corresponding to the point C. 

!<'rom the point B , the upper limit of t he straight line, the 
curve continues to the right into the region of increasing expo
:-;ure with a constantly decreasing gradient until, at the point D, 
the gradient becomes zero, that is, the curve becomes parallel 
to the logE axis. The value of density corresponding to the 
point/) is the maxim.urn density, Dm~x, obtttinable with the speci
fied processing conditions, development time, developer consti
tution, temperature, etc. This region, B to D, is called the 
shoulder of the charaeteristic curve. Here, the deusity differ-
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ence, ~D. corresponding to a small logE difference, ~log E, 

decreases progressively with increasing exposure and becomes 
r.ero at point D. Thus, the detail-rendering power decreases 
progressively with increasing exposure and vanishes completely 
at the exposure value corresponding to point D. 

Points C and D, therefore, rep resent the limits of the exposure 
range within which the material is capable of rendering an object 
brightness difference by some density difference, althoug;h ncrrr . 

l~~v--- · . V - ·· A 

z lL~-=-=~ : ' I .. f----- - f----- - - - ' 

' 
·v< 1\ 

I / \ -~": 
0 / \ .. 

/v..i: v/ . 
.. o.4 v oe 1 ,_:zc •t. z.o '2..4 z ~ " , .. .. 

L()Q. E:.,._PQ'!.Uot~ .... <;:. ~ ) 

Fw. 215. Derivative of the characteristic curve. 

the limi ts (points C and D ) this may be negligibly small, even 
for very great object bright ness differences. This exposure ra nge 
is termed the total scale of the ma terial and may be expressed 
either in logE units or as the ratio of the limiting exposures. 
Thus, 

Total scale = logE L - logE c (log E units) 
or 

Total scale = ~ (exposure units) . 

The gradient of the characteristic cu rve is of such importance, 
especia lly in connection with the problems of tone reproduction, 
that it is often desirable to use a derivative curve. In Figure 
215, the curve marked No. 1 is the usua l characteristic curve 
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obtained by plotting D against, logE, while that marked No. 

is its derivative, obtained by plotting d 1~~ E as a function of 

log E. This curve shows clearly the way in which gradient 
changes with log exposure. For the straight-line portion of the 
curve lying between points A and B, gradient is constant and 
equal to "Y· The first derivative curve throughout this region is 
a straight line parallel to the logE' axis and having an ordinate 
value equivalent to "Y, as shown on the gradient scale a t the right 
of the figure. For values of exposure less than A and greater 
t han B , t he first derivative curve takes the form shown. This 
graphic form is useful where it is desired to determine precisely 
the exposure value corresponding to some particular slope of the 
D, log f.: curve. It contains no more information nor can it Ue 
drawn with any greater precision than the D, log B curve itself, 
but for many purposes it pre8ents the data in more convenient 
form and gives a more vivid mental picture of the relation lx"
tween gradient and exposure. 

The shape and position of t he characteristic curve depend 
upon the condit ions of development. The relation between the 
time of development and the value of "Y was dea lt with in Chapter 
X I. The increase of "Y can be seen in Figure 21G, which shows 
a group of characteristic curves obtained for increasing t imes of 
development. The corresponding ")', t curve is shown as an 
insert. These "Y, t curves are often of great va lue in analyzing 
the characteristics of a photographic material and are prepa red 
from t he sensitometric da.ta obtained by developing exposed 
strips for a series of different times, plotting the charil.Cterist ic 
curves and then plotting the "Y values derived from these curves 
against the t ime of development. The measured densit ies may 
either be plotted directly against the logarithms of the exposures 
to obtain the characteristic curve, or the values of fog and of 
base density may be !mbtracted. The fog is determined by 
measuring the density of an area on the photographic material 
which has received no exposure but which has been developed. 
For most photographic materials, the value of fog is relatively 
low for the shorter development t imes but usually grows at an 
increasing rate as the development time is extended. Any value 
of fog which is given for a photographic materia l obviously must 
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be accompanied by some specificat ion of the development time 
or the extent of development (in terms of')') in order to have 
any definite significance. The tJ, fog curve is, of course, a 
complete representation of the rela tion between fog and the 
extent of development and should be used where possible 
instead of attempting to express this factor by a single nu
merical value. 

e_·, 

Fw. 216. Family of characteris tic curves with corresponding')', t 
and fog, t curves. 

In the practical presentation of sensitometric data, a conveni
ent fo rm is to prepare a complete family of D , logE curves 
obtained with various development times; these, together with 
a')', t curve a nd a t ime, fog curve, serve as a fa irly satisfactory 
graphic representation of the sensitometric characteristics. In 
Figure 216 is illustrated one w:ty in wh ich these various func
tions may be conveniently shown together. The characteristic 
curves themselves arc d rawn in , and the value of 'Y for each is 
indicated. In the upper left-hand portion of the rectangle are 
shown the ')', t and time, fog curves derived from the D, log B 
curves. The curves shown in Figure 216 apply to a high-speed 
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negative material for which "Y .. is relatively low, being of the 
order of 1.4 to l.5 as indicated by extrapolation of the')', t curve. 

LOU ~KPOSUAE 

FIG. 2 17. Family of characteristic curves for motion-picture positive film. 

In Figure 2 17 is shown a similar group of curves for motion
picture positive film, which is a relatively slow, high-contrast 
material. 
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THE DETERMI NATION OF SENSITIVITY 

The primary purpose of sensitometry is the measurement of 
t he sen~itivity of photographic materials in order to expose them 
quantitatively, so that a defin ite, desired result may be achieved. 
In the early work on photographic sensitometry, great emphasis 
was placed upon this purpose, and it was the objecLive of Hurter 
and Driffield when they star ted their classic work on the response 
of photographic materia ls to light. 

In all photography, the effective sensiti vity of a photographic 
materia l depends upon the result which is required and the exact 
way in which it i:s used. Thus, in astronomica l photography, 
quite different sensitometric measurements are required from 
those utilized in pictorial photography. One great difference is, 
of course, the intensity level at which the exposure is made. 
In astronomical photography, exposures of minutes and hours 
are common, white in t he use of the ordinary camera, exposures 
are timed in fractions of seconds. The relative sensitivity of 
photographic mat.erials is not constant for different intensity 
levels (Chapter VI) , and in astronomical photography it is nee-

TABLE LXVIII 

SPEED NUM HERS AT DIFFEHE~'T f::XPOSU~E LEVELS 

Camera Speclrvswpic Astrorwmical 
1--er-el La<l l...r.td 

1 - 20 M.C. 1 - 0.1 M.C. l - 0.0001 M .C. 

10/i s. 10/i s. 10/i s. 
Eastman 50 070 14 710 10 100 5.G 
Eastman40 520 14 820 23 370 12 
Enstman 33 220 9 380 l2 120 3.0 
EastnmnProcess 00 3.5 50 2.9 19 LO 
Type 103-0 1240 50 980 72 540 34 
Type I-0 800 35 ll20 40 280 14 
Type 11-0 210 l7 250 20 95 0.8 
T ype 111-0 140 8.5 100 0.3 35 2 
Type I V-0 50 3.3 50 3.0 30 1.9 
Type 144-0 40 2.9 35 2.r. " l8 
Type V-0 0.4 0.03 0.3 O.Q2 

essary to measure the sensitivity of the materials at intensity 
levels very different from t hose which are employed if the results 
are to be applied in pictoria l work. 

In Table LXVII[ are given the speed number~ for a number 
of different p lates used in astronomical and spectroscopic pho-
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tography at three different levels of intensity- the camera level, 
which is taken as 20 meter candles; the spectroscopic level, with 
an intensity of 0.1 meter candle and an effective exposure of a 
few seconds; a nd the astronomical level with an intensity of 
0.0001 meter candle, corresponding to an exposure time of the 
order of an hour. The values are given in two different scales, 

of which the ¥ scale is inversely proportional to the inertia 

and is found by dividing that value into 10, while the SA value 
is obtained as follows : 

Consider the characteristic curves of two materials, A and B, 
shown in Figure 218. If t he speed is measured in terms of 

inertia, A is a faster plate than B. 
This is true also if sensitivity is 
judged by the exposm·c required 
to produce a minimum deposit. 
If, therefore, the purpose is to 
obtain a faint image with the 
short..est possible exposure, ma
terial A is selected. If, on the 
other hand, a certain minimum 

of ~1~,t;r~~is ~:~~~c~i~~~i:n~u~~~: density in t he image is required 
trasts. in order to make satisfactory 

readings on the plate and this 
density is supposed to be a value above that of the intersection 
point of the two curves, then, for that purpose, B is a faster 
material t han A. According to Dunham,t 

"In photographing stell ar spectra what is required is a certain 
minimum density of about 0.6, wh ich is adequate for the detection 
and measu rement of weak absorption lines." 

Naturally, the determination of the exposure required to pro
duce a given density involves a decision as to the 'Y which it is 
practicable to reach in development. Consideration of this ques
tion seems to indicate that in practice the maximum 'Y to which 
plates can be developed as a routine with a minimum of fog 
may be taken as 80 per cent of ')',.. Accepting Dunham's cri
terion, then, the astronomical sensitivity SA may be defined as 
inversely proportional to the exposure expressed in seconds at 
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one meter to one candle power of the international high-temper~ 
ture standard light sourec which will produce a density of 0.6 
when the material is developed until 'Y reaches a va lue of 0.8 "( ... 
As in the case of the inertia values, the SA values depend upon 
the intensity level in order to provide for the varying reciprocity 
failu re of t he materials. A comparison of the relative effective 
speed of two of the materials shown in the table will show that, 

using ~Q values at the camera level, "Type 103-Q" is given 

a speed 1.85 times that of j 1Eastman 50," while a t the astro
nomical level, using S A values, "Type 103-Q" is 6.2 t imes that 
of "Eastman 50." 

A case where a special method of determining effective speed 
is required is that whi<:h occurs in the making of line and half
tone ncgntivcs for photoengraving, where there is no scale of 
gradation to render. There are only two tones in an ideal 
process negative- clear glass and opaque deposits. In half-tone 
negatives, the gradation is rendered by various sizes of dots and 
not by various densities. This being so, a plate which will give 
the necessary opacity to the highlights of a line negative or the 
dots of a half-tone negative with less exposure t han another plate 
is effectively faster, without regard to any question of gradation. 
To put t he matter in another way: If two plates have curves 
with straight-line portions that meet the exposure axis a.t the 
same point and one can be developed to give more contrast than 
the other, then the plate which gives ~reater contrast is effec
t ively faster when used for line or half-tone negatives. 

It will be seen that in order that speed ratings of negative 
materials should have real value for the control of exposures in 
the camera, they should be determined in the laboratory under 
conditions conesponding as exactly as possible to those which 
occur when they are used. The light should be of t he same 
quality and approximately the same intensity as that which 
forms the camera image, the modulation of the exposure should 
be by the intensity of the light and not on a time scale, the t ime 
of exposure should be of the same order as that used in the 
camera, and the criterion of exposure should he tha.t by which 
practical exposures arc judged. Sensitometric methods have 
approximated these requirements more and more closely as they 
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have been improved and now fulfi ll t hem with satisfactory 
accuracy. 

One of the earliest mcthod:'l used for the expression of sensi
t ivity was to specify the exposure req uired to produce a just 
percep tible density (Clmpt.er XVI). The curliest standard sen
sitometer, in fact, was Warnerke's tablet adopted by the com
mittee of the Photographic Club of London in 1881, a nd this 
method was also used in the Scheiner instrument and the E clcr
H echt sensitometer. W hat is effectively a modification of this 
system is t he /)/ N system (Chapter XVI , p. 592), adopted in 
Germany in 193 1, in which t he speed i:'l deri ved from the expo
su re req uired to produce a de nsity of 0. 1 above the fog level. 

Hurter and Driffie ld used the nu merical va lues of inertia 
obtained from their characteristic cmves for the computat ion 
of the speed of t he photographic p lates which t hey used. The 
selection of t he inertia point by H urter and Drifficld was · de
rived from considerations relat in~ to t he correct reproduction 
of tone in the negative. I n order that the ~-;calc of brightness 
existing in t he object may be represented correctly in t he nega
t ive, it is necessary that the exposures representing those bright
nesses shou ld fa ll upon t he stra ight-line portion of the charac
ter istic curve and th us that t he minimum exposure given should 
not be less than that which corresponds to point A in Figure 214, 
while t he ex posure for the brightest object must not be greater 
t han t hat wh ich corresponds to point B. Using this criterion 
for correct exposure, in wh ich the entire scale is reproduced upon 
t he straight-line port ion of t he characteristic cu rve, it fo ll ows 
that t he effective sensitivity of t he material is inve rsely pr-opor
t ional to t he inertia point-where the extension of t he stra ight
line portion of t he curve cu ts the logE axis. 

Granting the assumptions as t.o t he necessity for correct repro
d uction of the tones in the negative, t he inertia value is a correct 
indication of t he speed. As will be shown later , however, the 
general consideration of tone repr-oduction has led to othe r con
clusions than t hose reached by Hurter and Driflielcl, si nce the 
effective exposure req uired for best reproduction in the fina l 
p ri nt is not dependent a lone upon the characterist ic of t he nega
tive materia l bu t a lso upon the characteristic of the printing 
materia l. · 
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Hurter and Driffield obtained the speed number used in their 
actinograph by dividing the inertia into 34, which gave a series 
of speed values of convenient magnitude for practical use. The 
Watkins speed scale is also based upon inertia, but, instead of 
using 34, as suggested by Hurter and DrifJield, Watkins adopted 
68.2 The actual relation between the Watkins and If a nd D 
numbers, however, indicates that the 'Vatkins constant is more 
nearly 50 than G8.3 I n the fourth column of Table LXIX arc 
shown the values of t he Watkins speed scale in comparison with 
the other well-known system.<;, 

Sclu:in-cr Eder-llecht 

I 42 
2 46 
3 48 
4 "" 5 53 
6 56 
7 " 8 6l 
9 64 

10 66 
ll 68 
12 71 
13 74 
l4 77 
15 80 
16 82 
17 84 
18 M 
19 88 
20 "" 

TABLE LXIX 

RF.LATIYF. SPF.F.O NmtliER.'\ 

II and D Watkiml 

7 ll 
9 13 

12 17 
15 22 
10 28 

" 36 
31 45 
·10 5S 
50 74 
64 04 
82 122 

104 1[>3 
133 100 
170 250 
216 317 
276 405 
351 515 
44H 660 
570 ,40 
727 IQG;j 

Wynne Refutive 

f '/21 1 
f'/24 1.27 
F / 21 1.62 
f' / 30 2.07 
f' / 34 2.64 
F/38 3.36 
F/43 4.28 
f'/49 5.45 
/<'/55 6.95 
F/63 8.86 
1<'/ 71 11.3 
F/79 14.4 
F/ 00 18.3 
F/101 23.4 
F/114 29.S 
P/12!l 37.!) 
/<'1145 48.3 
}?/165 61.6 
f'/Hl6 78.5 
F/20'J 1000 

The obsolete 'Vynnc 4 numbers in the fifth column are the 
products of 6.4 and the squam root of the \Yatkins number. 

With the in troduction of pltotoelecLric exposure meters, va
rious speed rating numbers !w. ve been adopted by Lheir makers. 
The \Veston numbers are derived from the inertia and are ex
pressed as inverRely proportional to the exposure requ ired to 
give a densiLy numerically equal to the 'Y obtained in develop
ment. Thus, if Ew is the exposure required to give D = '"'(, the 
'Veston rating; number is 4/f~'w· 

For many purposes and under many conditions, the expression 
of speed in terms of inertia is of great value. So long as all of 
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the straight-line portions of a family of D, log B curves pass 
through a common intersection point and this point lies on the 
logE axis, inertia nnd hence speed arc independent of develop
ment time. Under such conditions, the speed Lccomes a very 
significant constant for the photographic material. Unfortu
nately, pract ical developers do not generally give a common 
intersection point which lies upon the logE axis ; in the presence 
of free bromide, \vhether in the developing solut.ion or t he photo
graphic ma terial it.self, the intersection point is depressed to a 
position below the log I!J axis. This is shown in Figure 108 on 
p. 412, where the depression of densitr by bromide is d is
cussed. Under such a condition, it is evident that the inertia 
will vary with the 1' and a speed value derived from the inertia 
will only be significant for a given degree of development and, 
correspondingly, a given 1' value. 

The extent of the dependence of the inertia speed upon 1' is 
illustrated in Table LXX. These data are derived from mcas

TATILE LXX 

J XCREA!It: 0~· SPEED WTTfl DEVEI.OPMEXT T!ln; AXD "'Y 

T, , 1/ i 
3 0.27 0.045 22 
5 0.43 0.020 50 
8 0.6S 0 .012 82 

12 0.83 O.oJO 100 
20 1.12 0.007 140 

uremeuts made on a high-speed negative mate~·ia.l processed in 
a developing solu tion containing some bromide. The straight
line port ions of the D, log /!,' curves intersect at a point well l>elow 
t.he log B axis. The development t imes, 'I'a, extend from 3 to 
20 minutes, the corresponding 1' range being from 0.27 to 1.12. 
For this range in development, the reciprocal inertia changes 
from 22 to 140, a sixfold increase in speed as derived from 
inert ia values. 

The complication involved in expressing speed by means of 
the inertia does not end here. Many materials exist for which 
there is no single point of intersection for the straight-line por
tions of the D, logE characteristics. Some materials do not 
give very satisfactory straight-line relations between density a.nd 
log exposure. There is wide divergence in the relative shnpe 
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of the underexposure regions and, in fact, an almost endless 
variety of conditions is found, which makes it difficult to gener
a lize satisfactoril y the expression of practical or effective speed 
from the characteristic curve. Anomalous behavior in both 
shape and posit ion of the D, logE curves resulting from devel
opment for different times seems to be particularly common in 
malerials of high sensitivity. This subject has been discussed 
by Sheppard. 5 He classifies emulsions generally in to orthophotic 
and anorthophotic categories. Orthophotic materials show a defi
nite convergence point of the straight-line portion of the char
acteristic curves, while a northophotic materials depart from this 
condition, showing no tendency to give a common point of 
convergence. Sheppard concludes from his study of the subject 
that emulsions of the anorthophot ic type have characteristics 
which are much less reproducible from batch to batch than 
those of the orthophotic class. 

The chief function of a photographic negative material as used 
in practice is to reproduce as density differences the brightness 
differences existing iu the object photographed. The minimum 
useful exposure, therefore, will be that required to reproduce the 
brightness difference existing in the shadow regions of the object 
with some minimum contrast, and following this reasoning it 
seems logical to require that the minimum useful exposure shou ld 
be determined as that necessary to obtain some specified gradie11t 
of the characteristic curve; that is, it is the exposure at which 

d ldD E' has some specified value. This idea was discussed by 
og !. 

Luther 6 and fu rther developed by J ones and Russell. 7 The 
difficulty in carrying it out is that of deciding upon t he value 
which is to be taken as representing the minimum useful gra
dient. It has been suggested t hat this value should be 0.5. 
Judging from data available in publications by Coldberg 8 and 
discussed in a paper by .Jones 9 dealing with the contrast of 
photographic printing papers, it appears that this value is too 
high and that satisfacto1·y reproduction of object detail can be 
obtained by utilizing portions of the characteristic curve of lower 
gradient. The subject has also been discussed by Sheppard, 5 

who states that the minimum useful gradient "will in general 
depend not only upon the negative but also upon the posit ive 
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aspect of tone reproduction so that its fixation is not expressible 
by a unique funct ion of the negative material itself." This con
clusion is undoubtedly correct, and its validity is supported by 
the data and the discussion given by Jones. 

It seems quite possible for certain definite clas~es of work to 
establish a value of minimum negative grad ient in terms of 
whic h sensitivity or speed may be cxpre:c;:-;cd usefully. For in
s tance, from a know ledge of common pmct.ice in motion-picture 
photogra phy, it is possible to draw fairl y definite conclusions as 

18 

~D~----~---+~~~----+---~ 
~ 
c 

LOG EXP05URE 

Fw. 219. Chur:1ctcristic curves of d ifferent shapes from m:1terials 
developed to the same 'Y· 

to the minimum usefu l gradient of negati ve materials used in 
this wot·k. This knowledge is based upon densitometric analyses 
of a large number of motion-picture negatives and posit ives. 
The minimum gradient indicated lies between 0.1 and 0.3. 
A similar value is known to represent fairly well t he conditions 
existing in amat-eur photography. 

A typical case which illustrates the meri ts of this method of 
expressing speed is shown in Figure 210. The two materials 
illustrated have been de veloped to the same "Y; and, on the basis 
of the inert ia method of expressing speed, the materia l of which 
the straigh t-line pot·tion cuts the log B axis farthest to the left 
has the higher speed of the t'vo. The small at-rows ind icate the 
points on the underexposme mgion where G is equal to 0.2. It 
wi ll be seen that the minimum limiting gradient method reverses 
the speeds of the two materia Is. If inertia speed is expressed 
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as 10 times the reciprocal of the inertia and the gradient speed 
as 10 times the reciprocal of £',, the numerical resu lts derived 
from Figure 219 arc as follows: 

A 
B 

10/i 
220 
21)0 

10/E .. 
13f.O 
7'20 

A further illustmtion of this suggested method is given in F igure 
220, in whieh are ~hown the undet·exposut·e regions of four 

F1u. 220. V:trhtion of cxpo~urc corrc~ponding to minimum 
grndient with development. 

D, logE' characteristic curves obtained by using d ifferent times 
of development. Aga in , the poin ts of gradient equal to 0.2 are 
indicated by the small arrows attached to each curve. In the 
case of the shortest t ime of development, it will be noted that 
the gradient for 0.2 is obtained for an exposure value practically 
equal to t he inertia value, while for longer times of development 
the speed values based upon minimum gradient are very much 
higher t han those based upon inertia. The data corresponding 
to the curves in Figure 220 are shown in Table LXXI. 
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A fundamentally new proposal for the evaluation of negative 
film speeds was that made by Joncs,10 who considered the ques
tion of tone reproduct ion as applied to the final print and sug
gested a system in which the speeds assigned to the negative 

TADLE LXXI 

DATA lLLU!>,.RATING T ill'; RELATION llE'I'WE EN 'l'liE V ALUI:S OF S r F.F.D J3ASED 

U POX I XERTIA, i, AND Tnos& llASF.D UPON TilE EXI'OiiUJU:, E,., 
GOR R KS I'OSIJ!l>G TO TilE !IJJX!Mirll UREFUL G TIAUI KST 

,., 
""" E. i/E ... 

1.5 O.GS 0.15 0.045 0.0280 LG 
2.0 o.so 0.22 0.025 0.0058 4.3 
4.5 1 7 0.32 0.026 o.oor .. 1 4.9 
6.0 2.0 0.47 0.024 0.0014 5.5 
9.0 26 o.r.t 0.033 0.0050 il.G 

material arc in terms of the exposure required to given. negative 
from which a print of specified quality can be m<ule. Thus, 
instead of treating the negative obtained as the <:ritcrion of 
adequate exposure, Jones holds that the criterion is that the 
exposure must be such t hat prints of sat isfactorily high qua lity 
can be made. Owing to the latitude of negat ive materials corn
pared with the brightness scale of most scenes photographed, 
there is a large range of exposures through which there is lit tle 
change in the quality of the prints, but the effect ive speed must 
he based on the least exposure which will give a negative from' 
which a print of sati.<;;factory quality can be made. 

The fir.':it question which arises is, what is a sati.':ifa.ctory print? 
Theoretically, this could be determined by the application of 
t he theory of tone reproduct ion, dealt with in Ch!lptcr XX, by 
which t he condit ions might be found which would result in o. 
print giving the same tone values as the original subject. How
ever, if such prints could be obtained, it would not be right to 
assume that they would be chosen as the " best prints." Even 
if prints could be made which would reproduce t he sensations 
arising when the observer looked at the original, it would not be 
justifiable to say that such-a print was the "best print." In the 
choice of the best prints, much higher mental activities than the 
sensory ones ~1re involved. 

In t he light of present knowlcdJ];e, it seems best to judge t he 
quality of prints by a stttt.istical method. In that used by 
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.Jones, a series of twelve negatives in which t he exposure was 
increased progressively from a very low to a very high value was 
made on each material to be studied. The scene chosen was an 
average one giving an image illumination range on the ncgatin 
materia l of 32, which is very nearly t he statistical avemge 
9f a large number of scenes when photographed with a camera 

~ 4 

• . 

A 

.6 .o 1.2 1.4 

L OG RELATI V E NEGATIVE EXPOSURE 

FIG. 222. Approximate relation between the quality of a print 
and the expQsurc of the negative. 

system having average fla.re characteristics. From each nega
t ive t hus obtained, a skilled p rin ter made the best possible 
print wh ich could be obtained, using a paper chosen to fi t the 
negative as regards contrast grade; and in order to cover the 
entire fi eld , the printers were asked to usc severa l grades of 
contrast and several printing exposures and t hen to pick a group 
of prints representing t he best of t hose of which each 1 1 eg~tt i ve 

was capable. These series of prin ts we re then arranged in order 
and were judged by two hundred observe rs, each ob:o.crver being 
requested to p ick the first print in each seri es wh ich he consid
ered "excellent." This is, of course, a very laborious method 
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of working, but it made it possible to obtain a ~tatistica l state
ment of the negative which the average observer would consider 
~atisfactory (Figure 221) . It was also possible for the obse rvers 
to select a prin t inferior to the "first excellent" print, which 
might be c~1 llcd the ju:>t acceptable print. The j ud~-,rmcnt can be 
ill ustrated hy the curve shown in F igure 222, which is not n 
quanti tative, but a qualitative curve. It shows that the print 
qua li ty as judged in the manne r described by the agreement of a 
large number of observers improves as more exposure is given 
to t he negatives un ti l at the point JJ, corresponding to the four th 
negative, the majorit,y of the observers wou ld agree t hat the 
prints were " just accepta ble," while at the poiut A, correspond
ing to the seventh ncJ~;ative, they would agree that the prints 
were "excellent" and that furthe r exposure for the neJ~;ati ve pro
duced no appreciab le improvement in the quality of t he print 
(Chapter XX, p. 818). 

The camera speeds of the films tested could now be sta ted in 
terms of the least exposure necessa ry to give a negative which 
would give a prin t of ''excellent" quality, as indicated at A, or of 
just acceptable qualit.y , as indicated at B. ln practice, it seems 
desirable to base speed on the exposure required to give a prin t 
of exce llent quali ty, especia lly as the poin t A can be determined 
at least as sharpl y as the point B. 

The statist ica l method of work is, of course, much too compli
c:.~ted and laborious to permit its application in p ractice, ami 
for practica l purposes it is imperative to f'ind a. sensitometric 
method which wi ll yield resul ts in close agreement with the 
direct statist.ical method. It was found tha t such a method 
could be used, and this is illustrated in Figure 223. 

The curve A is the usual density-loJ~; exposure relationship 
for a negative material, a nd curve B is the deriva ti ve curve 

in which d ldD 1~ is plotted aga inst log E. The neg:llive from og!. 
which the first excellent print was obtained was found to usc 
a portion of t.hc characteristic A ly ing between the points 1lf 

and 0. Let t.he average slope of the used portion of the curve 
he desiJ~;mded h.v (} and the slope at the point l1·f by G,,;n , t.his 
being the limiting gradien t at the extreme shadow end of the 
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object tonal scale. Then, the ratio of Gmin to (; is a measure of 
the rela tive contrast compression which occurs in the negat ive 

N EGATIVE MATEJ::!IAL 6 

~F'IQrT EXCELLENT------------' 

' ' 0' 

: " ' / 
~JU/T ACCEPTA~l.E-.Iy / 
I I /1 

I I // 

x ' 
/~ 

/ 
y 

FIG. 223. Relation between the quality or prints nnd t he 
characteristic curve of the negative. 

t ., 
~ . 

in the ext reme shadow region, and t hit-: may for convenience be 
referred t.o as K, the shadow detail compression factor: 

K ~ c.,";o. 
The values of K for four nega tive materials are shown in 

Table LXXII. It will be seen tha t the average of t he four 
values is 0.30 and that the variation between the highest and 

TADJ,E T.XXJI 

G Gmin Gmn K !l.K (%) 

A 0.64 0.200 0.85 0.312 4.0 
B 0.61 0.195 0.86 0.320 6.7 
c 0.45 0.125 0.00 0.284 5.4 
D OAS 0.135 0.7S 0.2R2 6.0 

i\1eun 0 300 5.5 

the lowest value is relatively small. I t !Should be emphasized 
tha t t he exposure value corresponding to the point M is deter
mined directly from the stat ist ically chosen fi rst ucxcellent " 
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print and does not depend upon any sensitometric opera tion but 
is a direct result of an estimate of picture qua lity. If, now, it is 
assumed tha.t t he exposure value corresponding to t.he point M 
is a satisfactory criterion of t he effective camera speeds of t hese 
four materials, speed values may be obtained from the reciprocal 
of these exposure values. These are shown in <:olumn i l of 
T able LXXIII. If the speeds of these materials arc determined 

TADLE LXXIII 

ll,.') .!lS(% ) 

A 166.0 16!1.8 3.8 2.3 
B 144.0 150.8 6.8 4.1 
c 118.0 112.7 5.3 4 . .'> 
D 89.0 84.4 4.6 4.5 

Mc11.n 3.9 

in terma of the exposure cOl-responding to the point at which the 
gradient is 0.30 times the average gradient (C) of the used por
t ion of the characteristic curve, the values shown in column B 
are obtained. In the column L1S(%) are shown these same 
differences expressed as a percentage of the values in column A. 
It will be seen that the use of the average value of K for these 
four materials produces a negligible error in the speed value as 
based upon the print which, in the opinion of the two hundred 
observers used in this work, was considered to be the first 
excellent print. 

This conclusion was checked by Jones and Nelson 11 in a study 
of the correlation between the speed values obtained from the 
firs t excellent print and the speed value as deduced from the 
exposu1·e at which t he gradient is 0.3 times t he average gradient 
of the used port ion of the eharacteristic curve. In this study, 
they used t hree different test objects, in which the contrast of 
the object vnried from 12 to 100. They employed seventeen 
negative materials used commercially but differing quite widely 
wit h respect to speed and shape of the characteristic curve. 
Six different development formulas were employed, and in one 
case t he development time was varied to give a fairly wide range 
in the extent of development. Most of the prints were made 
by contact on a paper which was available in six degrees of 
contrast, but six series were printed by projection. None of 
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these variables was found to affect in any systematic manner 
the observed value of K. I t must be recognized, of course, t hat 
the value of K as determined from the statistical selection of the 
first excellent print necessarily shows a certain amount of varia
tion; and if speed numbers are determined by using the average 
value of K , there will be certain discrepancies between the speed 
number obtained and that which would be obtained from the 
negative exposure resulting in the first excellent print. The rela
t ion between the two can be expressed by plotting the deviation 
between the speed numbers, based upon the different criteria. 

In Figure 224, taken from Jones and Nelson's paper, are shown 
correlations between various methods of determining speed. 
These show for a large number of materials the deviation of the 
speeds obtained from the statistical determinat ion of the first 
excellent print from the speed numbers obtained from some 
other criterion. In a, the second crit.erion is the logE va lue for 
which D = 0.2. In b, it is the logE value for which D = O.l. 
In c, it is t he logE' value for which the gradient is 0.30 t imes the 
average gradient of t hat part of t he D , logE characteristic 
covered by a range of log E values of 1.5. It will be seen that 
the spread of log R values between the two methods of deter
mining speed is only 0.17 in curve c, as compared with 0.30 in 
curve b and 0.39 in curve a. 

The superiority of t his method of determining speed to the 
use of the inertia is seen by comparing Figure 224 with Figure 225, 
in which the spread is plotted between speeds derived from the 
selection of the negative giving the first excellent print and the 
logarithm of the inertia point. The spread here is 0.58, more 
t lmn th ree t imes tl1e spread atta ined when the fractionai gradient 
is used as the criterion. 

The cause for the inferior results obtained with the criteria 
bused on fixed densities and on the inertia will be seen by con
sidering Figures 226 and 227. The photographic material illus
trated in Figure 226 has a long sweeping toe, so tha.t the portion 
of t he cha.racteristic A- Bused in making t he first excellent print 
has a relatively low average gradient. The shape of this part of 
the curve is such that it approaches fairly closely to the mirror 
image of the D, logE characteristic for the No. 4 contrast grade 
of the developing-out paper used for making t he positives, and 



FJG. 22G. Characteristic curve showing: long sweeping toe . 

• 12. .4 FIRST EKCELLENT 

Fw. 227. Characteristic curve showing sharp t oe. 
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the large group of observers who judged the quality of this group 
of prints agreed substantially that this print was the "first excel
lent" prin t in t he se ries. There can be little doubt that this 
p rint actually does have excellent photographic qua lity , being 
p ractically as good as any of the pt·ints made from negatives 
wh ich have received mo re exposure. Because of the relatively 
low gradient in the lower exposure part::; of this cu rve, a rathe r 
great increase in exposure is required to reach t he points where 
D = 0.1 + fog, D = 0.2 + fog, and the inertia point. 

On the other hand , the material illustrated in Figure 227 has 
a mthcr sharp toe rising quickly into a straight-line region of 
relatively high gradient. The average gradient of t he portion 
of the curve used for making the fi rst excellent print i.':i relat ively 
high, being 0.!)4 compared wi th 0.45 in the case of material 
shown in Figure 226. The contrast grade of t he developing-out 
paper wh ich gave the best fit with material shown in Figure 227 
was No. 1, a nd here aga in t he grou p of observers mak ing the 
judgment agreed that this combina t ion of paper and negative 
resulted in t he "fi rst excellent" print. Since t he gradient in
creases rapidly with increasing ex posure, only sma ll exposure 
increments are requ ired to reach t he points where D = 0.1 +fog, 
D = 0.2 +fog, and the inertin. poin t . The points corresponding 
to 0.3 G, however, fall very close to the extreme shadow densities 
of the negative in both cases. It is apparent, therefore, that 
with materials differin~ from each other with respect to curve 
shape, as illustrated by the materials in Figures 22() and 227, 
t he fixed density and inertia criteria cannot be expected to agree 
as well with the "first excellent" print speeds as speed numbers 
based upon the fractional J!:radient criterion . 

Jones and Nelson extended their work to cover a great mnge 
of negative materials, making a st udy of some seventy-eight 
add it ional materials a nd determining the correlat ion between 
the speed numbers based on various sensitometric criteria and 
those derived from the fractional gradient criterion; t hat is, from 
the logE value corresponding to n. gradient of 0.3 t imes the 
average gradient. T he correln.tion already shown between the 
fractiona l grad ient specd.':i and the print judgment speeds was 
so good that they fel t justified in assuming thn.t t he fractiona l 
gradient. speeds of the additional group of mater ials would agree 
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closely with the print judgment speeds. The most important of 
t he other speed criteria was that corresponding to the German 
DJN specification, in which the criterion is t he exposu re required 
to produce a density equal to 0.1 above fog, the development 
being canied to such an extent that the maximum possible speed 
number is obta ined. The deviation between the fractional gra
dient val ue and the DIN speeds obta ined in t his way was very 
high, the tota l spread in log l~' units being 0.0, so that it would 
he po~:.;ihle t.o select from this group two materials having the 
:.;;t.me fractional gradient speed, one of which would be eight 
times as fast as the other when determined according to the 
DIN specification. 

If, iw;teacl of using the optimal development., normal develop
ment was employed, that being defined as the development which 
wou ld gi ve an average 1' for the seventy-eight materials of 0.9, 
the spread between the extreme rates of speeds by the two 
methods is reduced to 0.43; and the range of speeds obtained, 
therefore, would be only a little over 1 : 2 instead of 1 : 8. 

The use of the Hurter and Driffield method under these con
dit ions gave a spread of 0.63 a nd a speed ratio of slightly over 
1 : 4. It is, howe ver, worth noting from the figures given by 
.Tones a nd Nelson that the inertia gives very fair correlation with 
t he fractional gradient speed on most of the materials. The 
elimination of six materials would make the logE spread of the 
order of 0.2. The fact is that the H and D inertia is nearly 
pandlel to the gradient speed for most negative materials, but 
there are certain materials in wide use for which the speed as 
determined by the inertia is very different from that obtained 
by the frac t ional gradien t criterion or by the direct experimental 
determination of the exposure required to give the "first ex
cellent" print. 

The determi nation of the effective speed of a material by the 
fractional gmdient method involves the determina t ion of two 
gradient values. Tuttle 12 describes instruments with which 
the~e measurements can easily be made. One of these instru
ments takes the form of a t.ram;parent sheet of material which 
is ~uperimposed on the chamcteristic curve. As shown in Fig
me 228, the sheet e:1rries t wo parallel lines, CD nnd EF, sepa
rated by a distance equiva lent to a logE value of 1.5 on the 
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curve to be analyzed. At the point A, there is pivoted another 
sheet on wh ich is engraved the straight line AB and the curve 
GH, the point G being spaced U J logE units from the cente•· 
of the pivot. T he shape ant! position of the curve GH are 
determined by the position of the pivot point ami t he require-

FIG. 228. T ransparent meter for determining gradient speeds from 
the characteristic curve. 

ment that the minimum gradient, which is the slope of the li ne 
A/3, must be equal to 0.3 t imes the average gradient. In use, 
the meter is p laced on the graph with the lines CD and EF 
parallel to the density axis (Figure 228). It is set with respect 
to the graph to a position where the li nes EF, GH , and the 
characteristic curve in tersect at a common point while simu l
taneously the lines Al3 and CD intersect at another point on t he 
toe of t he curve. The meter pa rts are kept in a n orientation 
such that these lines alwa,ys intersect while the device as a whole 
is slid a long t he characteristic curve. At some point., the li ne 
Al3 becomes tangent to the characteri~tic curve, at which point 
the gradient is equa l to 0.3 t.imes the average gradient over the 
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1.5log E interva.l. The point of tangency can usually be located 
after two or three trials, and the speed of the emulsion is deter
mined by the abscissa value of this point. 

There is much to be said for a method of speed determination 
which avoids entirely the determination of the characteristic 
curve. If, instead of the usual step-by-step sensitometric strip, 
n continuous 'vedged exposure is impressed on the material to 
be tested, the gradient may be read directly. Any comparison 
heam densitometer may be used to make a direct reading of the 
gradient of a wedged strip if the beams can be direct.ed through 
areas on the wedge which are separated by a known logE incre
ment. The gradient ratios can be determined directly if the 
wedge strip is divided into three sections, as shown in Figure 
229, exposed so that at all points the second wedge B rceeivcs a 

FIG. 229. Triple sensitometric wedged exposure. 

slightly great-er exposure than A, while the third, C, receives 
1.51og exposure units more than B. The limit.ing gradient value 
may then be determined from the density difference between 
correspondi11g points on the first and second wedges divided by 
the logE increment by which the exposures are separat-ed. The 
average gradient can be determined by a similar comparison of 
the second and third wedges. A simple photomet.ric device can 
be made for analyzing such strips. 

E laborati11g this syst.em, Tuttle designed a direct photoelectric 
method for measuring gradients and applied it to an instrument 
employing a douhle optical wedge, by which t.he emulsion speed 
can be read au tomatically. 

As the instruments described above are rather specialized tools, 
Tutt.lc •a suggested a mathematical method of analyzing conven
tional sensitometric data. The gradient-speed value is derived 
fr-om the exposure point at which the gradient of the charac
teristic curve is 0.3 X the average gradie_nt over a range of 1 .5 in 
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logarithmic exposure units. Iu practice, instead of the limit,in~ 

grndient being 1 ld)) E, it can be '' r tticn /)2 0- , /) 1 , where D 1 (. og :., ) 
and D2 arc densities on the toe of the eurvc produced by expo
sures one of which is double the other. The a vemg:c gradient i~ 

Da - }i~~~ + D~), where /)3 is the densiLy prodU<!ed hy an ex

posure of which the logarithm is 1.5 greater than LhaL con·c
sponding to a. deusit.y wltich lies on the eurve at the mid-point 
between D1 and D2 and which, therefore, is <~qual to approxi
mately HD1 + D 2) . Thus, when lhe limiting gradien t is 0.:! 
times the a verage gradient , 

( /),- !l, + ]), ) 
Dz - D1 2 
----o.3 = 0.3 1.5 ' 

which may be simplified and approximated to 

17D~ - 1GD1 = n~. 

By using a bthle of t he density valueH read from a sensit.ometrie 
strip having exposure intervals of .J2, the values of D 1 a nd D2 
ma.y he wdtten and the value of 17D2 - HiD1 may he calcu
lated. When 17D2 - WD 1 = D 3 in the table, the log B value 

corresponding to D t t /)~may be determined by interpolation . 

T H E DEVELOI'l\I ENT CONSTANTS 

The constants whieh define the mte of development of a phot-o
graphic matcl"inl arc k, t!tc velotity cous ta.nt, and-y.,, the maxi
mum 'Y a.vail:tble when the development is prolon~ed. T he value 
of k depends not only upon t he material but a lso upon the 
developing solution and t he tempemtme. In F igm e 230 are 
shown the 'Y, t cm ves for the same material in two d ifferent 
developing solut ions, the value of "f, a vaila.ble on extended 
development being the same. I n the ease of curve A , the 'Y 

increases a t a much greater rate t han in t he c:tse of eurve B; 
that is, t he velocity (!onstant of development,, k, is mn<!h higher, 
but if t he development time is sufficiently lengthened in lhe cn.,_e 
of curve 11, the same maximum 'Y will he attained. The relation 
between t he value of 'Y and the t ime of development is expressed 
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h.'' a n cxporumt.ial equation (Chapter XI, p. 409) of which the 
~implest. fon n is 

' y~ 

a 

12 ...-v ~ ~ 
0 v v 
• _J._ • 
.. -- -- t/ 

x:- Vi' ' ,, 
' 

/JY ' ' I 
' t 

I 
' ' ' // " ' ' " I 
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DEVELOPMENT TIME IN MINUTE~ 

F 10. 230. i', t cur\'cs of t he same material in t wo developing solutions. 

L. N. G. Filon suggested to Sheppard and 1\'[ccs J.L that if t.wo 
sensitometric strips WCl'C developed, one for twice the t.ime of the 
other, so that t2 = 2tl> the simultaneous equations 

1'1 = 'Y"'( I - c-l·c,), 
1'2 = 1'"'(1 - e-ke,) 

would be obtained. These C(]uations give 

and since 
1'1{1 - c-kl,) = 'Y2(1 - c-k••), 

t2 = 2lJ, 

2.: = (1 + c- 1·'•) ,, 
1': ~ 'Yt = c-k'•, 

k =..!. In- '-'- · 
tl 'Y2 _,1 
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k having been found, e-~-~~ can be found, and 

/'t /'2 
Y~ = I - c-1-c, = 1 - e-kt, . 

The calcu lation of k and y., is greatly facilitated by tables givi ng 

t he relation between k and ~ and between kt and 1 - e- kt, 
~ · A simple graphic method by wh ich y., and k can be read from 

charts constructed from these tables is given by Renwick.'" 
Heydecker 16 also gives a very simple graphic method for the 
evaluation of y., from measurements of /'t and 'Yz and methods 
for the calculation of k and of the time of development required 
to obtain any given value of 'Y· 

In practice, the theoretical relationships given above do not 
hold in a ll cases since development does not always proceed 
according to the simple equations given, the validity of these 
relationships depending upon the normality of the family of 
D, logE characteristic curves. It is therefore often convenient 
to determine,., experimentally, plotting the 'Y, t curve obtained 
by developing sensitometric strips for various times and deducing 
the value of ,., as the limit to wh ich 'Y approaches; k can then 
be found from the differential equation 

'!if ~ k(~. - ~). 

since* is the slope of the 'Y, t curve. T he values of k computed 

in this way for various values of 'Y should, of course, be the same, 
and in practice when such a y, t curve is derived from the normal 
family of characteristic curves and the experimental determina
tion of 'Y"' is valid, k will be found to be constant. 

Certain development characteristics of any particular photo
graphic material may be deduced from the values of y and k: 

]{ k is high and y"' is high, development starts quick ly, pro
ceeds at a high rate, and 'Y continues to bu ild up to a high value. 
Process films and mot ion-picture positive film are typical ex
amples of materials having these characteristics. 

If k is high and 'Y"' is low, the image flashes up quick ly; and 
'Y builds up rapidly at first but soon ceases to increase, reaching 
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a limit at a relatively lmv value. In the ease of these ma.teria ls, 
the image appears very quick ly but fail s to carry through nnd 
build up high densit ies. 

If k is low and 'Yoo is high, development starts slowly, and 'Y 

increases at a relatively low rate; but by an extension of the lime 
of development, the value of 'Y may be built up to a high vn lue. 

If k is low andy, is low, development starts slowly, 'Y increas
ing at a relatively low rate, which very soon decreases ancl 
flattens out at a fina.llow value. Further development does not 
increase contraHt. 

The 'Y, t curve is of use where it is desired to dete1·rnine the 
development time which will yield some specified va lue of 'Y· 

If such a curv<! is available for the material and the wocessing 
conditions being used , it is only necessary to read fl'om the curve 
for any 'Y value the corresponding development time. Such 
eurves are also very useful in obtaining so~e idea as to the 
permissible variation in development time when it is desired to 
control processing so as to obtain 'Y va lues ly ing within certain 
p1·escribed limits. For instance, let it be assumed that it is 
desirable to obtain a 'Y of 0.6 and that the permissible variations 
from the value are set at ± 0.03. The corresponding permis
sible variation in development t ime can be readily determined 
for the two conditions represented by curves A and B (Figure 
230) . The horizontal dotted lines are drawn through 'Y values 
of 0.60 + 0.03 and 0.60 - 0.03. Where these horizontal lines 
intersect with curves A and B, perpendiculars arc dropped onto 
the development time, T,, axis. In the case of curve A, it is 
found that t he development time muHt be held between 2.() aJHl 
3.0 minutes, thus permitting a total allovmblc variation of 0.4 
minute, which may be exp1·es."icd as 2.8 ± 0.2 minutes. In the 
case of cu rve JJ, it is found for the same tolerance in"'(, minimum 
time of 5. 7 and the maximum 6.5, which may be expreRset! ns 
f:i.l ± 0.4 minutes. It is evident, t herefore, that the allowable 
error in development time for the required precision in control 
of 'Y is twice as great in the case of curve B as fo r curve A. The 
relation between a given 'Y increment and the corresponding 
development-time increment is , of courRC, given directly by the 
gradient of the 'Y, t curve at any particu lar point. Jf it is de
sired, t herefore, to express numerically this relationsh ip, it is 
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only necessa ry to evaluate the d ifferential ¥if at any given point . 

The value of t he differential at any point is inversely pl'OPOI'
tional to what may be termed proct 88ing lati tude. In other 
word~, the gJ·en.t,c,· t.he ~mdicnt of the ')', t curve at <my point, 
the more preci):;C must be the eoutrol of processing conditions 
in order to maintain a g;ivcn toleranee in ')'. 

THE SEKSITOMETIUC CON~TA~TS OF l'IU KT l :'{G PAPEHS 

The sensitomct.ric properties of photographic papers cnn be 
dm;cl'ibcd hy means of a scric>; of numerical consf.tlnt~ parallel f.o 
those used in t he sensitometry of negative mnteri:lb. T hese 
were ori~inally dcfincJ in the pnpcr by J ones, N uttiug, a.nd 
l\•lccs,17 in whi(:h they published t heir study of t he sensitomet ry 
of photogr:.-phic papers. 

The fi1·!St eon~t.a.nt of import:m eCJ fo r the standa nl izatiou of :L 

pnper is t he maximum bfacl.:; Uw t. is, 1.hc reflecting power of the 
heavies t deposit t hat can be oht.aincd on the paper with full 
exposure n.nd development. Such a deposit may reflect from 
1 per cent to 10 per cent of the incident ligh t; deposits reflecting 
above 8 per cent give visibly gmyish blacks, those from 6 per 
cent to 3 per cent are strong blacks, and any deposit reflecting 
less than 3 per cent appears a very intense black. 

T he reflecting power of a. paper is expressed not as a. percentage 
but as t he logarithm of the reciprocal of the reflecting powel', 
so Umt p:1per having a reflecting power of 5 per cent would be 
1·e:1.d as a density of 1.3. l\'lost paper.-; give maximum densit ies 
between 1.~ and 1.0, a few papers heing under 1.3, while oce:~.

sional papers give values ns high as 2.0. Other t hings being 
e([ual, a glossy paper gives a higher maximum black than the 
same paper wit.h a matte surfaee, heeause t he matte surface 
always involve:-; light :-;eattered from the gelatin or from materials 
in the emulsion other than silver. Thus, a glossy paper of a 
certa in type gives J .fi3 as its maximum blnek; a scmimtlf.te paper, 
1.50; tmJ m~ttte paper, 1.28, the intensity of t he black .decreasing 
as the surfaee becomes more m n.t.Le. At the same t ime, t.he 
maximum black is an impol'tnnt characteristic of the emulsion, 
apart from its contrast or surface, and a h igh reading of maxi
mum black is an indication of good qua lity in the paper. To 
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sum up, matte papers should ~ive readings of maximum black 
from 1.10, as a min imum, to 1.40; semimatte papers, from L a5 
to 1.60; a nd glossy paperi:i , from 1.50 to 1.80. 

The contrast of a prin tin~ paper is a very complex matter; it 
in volves psychological as well as purely physical consider:.ttions. 
In addi tion to the value of maximum black , two sensitometric 
constants a re directly related to the contrast of a paper. The 
first of t hese is a specification of the slope or gradient charac
terist ics of the curve. In the earlier work on the subject, th is 
was defined as the slope of the straight-line portion corresponding 
to t he 1' of t he characteristic curve of a negative material. 1\{ore 
rceen tly, it has been found that t he straight-line portion of paper 
eurves covers such a sma ll ran~c of exposures t hat it has little 
significa nce in relation to the performance of t he materia l. 
A more valuable charaeteristic than the slope of the stmight-line 
portion is the maximum slope of the curve (G,,,ax), which in many 
cases is the s lope at the in flection point of the cu rve. I n t he case 
of photographic papers, the ve loeit..y of development is high, and 
hell(~e the slope reaches its max imum very quick ly. In practice, 
therefo re, t he slope is almost a lways of the maximum value that 
it is possible to obtain with the p:lper used . 

The second fa ctor affect ing contrast is the total scale of a 
paper. Total scale may he defined as that range of light in ten
sities, expressed in exposure or log exposure uni ts, which can be 
reproduced by the paper as areas diffe ring percept ib ly in density. 
'l' he method of fix ing the i'lcale limits is best explained by refer
ence t.o Figure 23 1. The curve A is the characteristic curve of 
a paper plot ted with logE as abscissa and density as ord inate. 
( 'urve His the first deri vative of A, t he vn lue of the ordinate a t 
any point on B being t he slope of curve A at the concsponding 
point. The tota l scale of the pnper is t he distance (measured 
on the logE ax is) be tweer.l certa in poin ts on the curve at which 
t he slope is so small that t he change of density with exposure 
may be considered to be negl igible. The smallest pereeptible 
difference in the density of two a reas is about 0.02 ; hence, at 
the point where the l'l lopc is 0.2, a dl fTet·enee of abou t 25 per cent 
in exposure is I"C(}U ircd f.o produce a perceptible difference in t he 
density of t he result ing deposit. The poin ts a t which the slope 
is 0.2 t herefore provisionally represent the limits of the exposure 
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seale. On curve A, the points x andy mark the limits of total 
sea le, in this cnsc the value of total scale being 1. 75 (2.25 - 0.50) 
in log exposure unit.<;, or 5fi.2 in exposure units. To the left of 
x and to the right of y, exposures differing by more than 25 per 
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cent arc required to produce a perceptible difference in density 
and hence are not considered useful parts of the scale. As will 
be shown later, the true value of the limit ing gradient is not 
constant but increases with the contrast of the paper. Papers 
of high oontrnst have a .:;hortcr effective exposure scale than is 
indica ted between the points where the gradient is 0 .2. 

It is quite possible for two papers to have the same scale but 
different slope characteristics. This is shown in Figure 2:l2, 
where the paper marked B has a much steeper slope than the 
one marked A, t hough both have the same total scale value ; 
namely, 1.60. 

When a. paper is chosen for printing a given negat ive, it is 
obvious t hat, if nil different gradations on the negat ive are to 
be rendered as different. gradations in the print , the scale of the 
paper must be at least as j.\"reat as t he difference between t he 
maximum and minimum densities of the negative. Even when 
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this condition is fulfilled, some detail may be lost in the extreme 
shadows and highlights; hence, the condition is necessary but 
not sufficient. If the maximum density of a negative is 1.7 and 
the minimum density 0.3, the difference being 1.4, the print ing 
paper to render this negative must have a total scale of at least 
1.4 in log exposure units. 
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FIG, 232. Characteristics of two papers having the same seale 
but different slopes. 

Papers differ greatly in their total sca le. The hardest printing 
papers used for amateur work have a log scale as low ns 0.7 ; 
the ordinary papers chiefly used, 1.0; and the softer papers, fmm 
1.2 to 1.5. For portrait work, papers wi th a log exposme scale 
of 1.5 a re commonly used. Papers for enlarging have scales 
varying from 0.8 to 1.5. The gradient va lues of the papers 
also vary considerably, the harder papers giving the greater 
values. 

In practica l photographic prin t ing, a printing paper for a given 
negative is selected by the rule that the density scale of the 
negative is equa l to the e.(Jecti11e expos11re scale of the paper. In 
order to determine the contrast of a printing paper, the effective 
paper exposure scale must be defined; also, it is necessary to 
know whether this effective scale is independent of the negative. 
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Jones 9 made a statistical study of t he problem as fol lows : 
A large number of prin t ing papers was selected; and, on these, 
prin ts were made from negatives of different 'Y's, the subjeet 
being a la ndscape having n photograph ic brightness sca le in t he 
camera of 1 : 27. In order to allow for· indi vidual preference, 
three prin ting t imes were given each negative. One print was 
that which a printer would consider normal; one, slightly lighter ; 
and one, sl ightlydar·kcr. I n t his way, nine prints, representing 
·generally l hree prints from each of three negatives of d ifferent 
'Y values, were made and mounted on panels. The prints were 
then judged by seventy-five observers, divided into groups ac
cord ing to their knowledge of photography'. Each ind iviclun l 
selected from each panel the print that he considered best. 
From t he negative selected for each paper, it was possible to 
determi ne the 'Y of ne~.?;ative whieh, in the opinion of the ave r·age 
observer, g;ave the best results on that paper. I t wns found Umt 
the va lue of 'Y for the best negative was not a measure of t.hc 
contm:-:t of the paper. In many ca.scs, papers of obviously 
different contrasts gave t.hcir best prin ts from negatives of the 
same 'Y· This led to a study of the factms which determine the 
contrast of papers. It may be snid in passing that the diffe rent 
groups of observers showed no wide divergence according to t heir· 
know ledge of photogmphy and that, on the whole, they agreed 
ve ry closely in the ir judgment. 

Refore Jones' work on the contrast of papers i-; discussed , 
reference should be made to t. he work of Bontenba l, 1g who com
pared the various cri teria which have been proposed for the 
r-; latemerrt of contrast using: a. statistica l mct. hod nnnlogous to 
that U:'\Cd by .Tones. He found five of the formu las, including 
th:Lt of .Jones, in close agreement with his statistica l data. Three 
of them, however, arc t.he average gradients or exposure scales 
in a range the upper limit of which is given by Dmu.- 0.1. 
If these cri t.cria were generally accepted, it wou ld be very easy 
to produee papers of high contrast by provid ing for a very low 
va lue of D,m .· Tire fourth criterion , that pr·oposed by R einders 
and Bontenbal, is the expmm rc sca le between D = 0.25 and 
D = 0.9. The judgment of contrast shmrld not, however, ignore 
the highl ights and deep shadows. T he agreement of t his erite
rion wit h the results obtained by Bontenbal was probably due 
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to the fact that the papers which he used had rather well
halanced charactcri~;tic curves. 

It has been said that, in defining the exposure scale of a paper, 
it has been accepted provisionally t hat the limiting gmdient has 
n va lue of 0.2; that i ~; , the c·w·vc is assumed to terminate at the 
poin t where the gradie11t is 0.2, at both the top and bottom 
of the curve, a.ud the exposu re range is read between these 
two poi rd~ . 

"" 1-"- 1.~ 1.& 21 2-. n o .J ~ ·' ~z 1.• 1.& 21 z.4 t~ 30 
L0£1 E:.>q::osure 

Fra. 233. Characteristic;,; of four grades of paper ~h owin)!; tlJCir scales. 

From the 1·esult of his statistical inquiry, .Tone~ found t hat, 
when t he negative was flat, and, therefore, the paper used was 
contrasty, greater· limiting p;mdient was requ ired t.han when the 
paper· wns flat. Papers of hi~h contras t therefore have a shorter 
elfecli ve exposure scnle than that indieated as !yin,!!; between the 
poiut.s where the density gradien ts have a numerical value of 
0.2 . Thus, in Figure 2:3~) arc shown the curves of fou r different 
grades of printing papr:r. On each curve, the points where the 
gradient is 0.2 arc indieated by plain vertica l lines; and those 
where t he seale aetually stopped, by lines carrying a cirele. 
In No. 1, the 1-iea lc selected by judgment wns from the poirtt 
where the gradient was 0.27 to the point where it beeame 0.30. 
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In No. 2, the minimum value ~~t the bottom of the curve was 
0.36 n.nd at t he top, 0.34. l n No. 3, t he va lues were 0.49 and 
1.00 and in No. 4, 0.64 and 1.02. Upon further a na lysis of the 
figures, it became clear that thi.s might have been expected, the 
true law being: t ha t the limiting density difference of the print 
compared with the object is constant; that i~, the. eye requires 
a ccrtnin minimum contra~t in the reproduction of the shadmvs. 
The limit ing gradient of the paper depends upon the 'Y of the 
nega t ive from which it is printed; the limiting gradient multiplied 
by the 'Y being equal to a value 'vhich is approximately a con
stant; so tlmt, instead of the effect.ivc exposure SCltle of the 
printing pttper being constant, it is actually dependent, to some 
degree, upon the 'Y of the negative. Furt.hcr, the product ob
tained by multiplying the limiting gmdient by the 1' of t he 
negnt ivc is not quite constn.nt but, to some extent, depends upon 
the density scale of the print. 

Goldhcrg 3 studied the limiting gradient of prints in shadows 
and highlights and eam e to the conclusion that the gradient in 
the shadows is mueh greater than that in the highlights . T he 
results quoted above do not fully confirm this but arc confined 
to the study of a single .scene. If a number of different scenes 
arc considered, it will be found that Goldberg's conclusion is 
correct and that the gradient in the shadows is generally greater 
tha n that in the highlights. 

The effective, useful exposure scale of any given paper is 
the•·efore dependent upon the cont ras t of the subject. A sub
ject of high contrast •·equitcs a negative of low 'Y when it is to be 
printed on a contras ty paper, in order that the density scale of 
the negative shall not exceed the exposure ~-;calc of the Positive 
materia l. Since t he 'Y of the negat ive is low, the limiting gra
dients of the characteristic curve of the paper must be high ; 
and, hence, the. effective exposure scale must be apprecia bly less 
t han t he total exposure seale. Conversely, for a subject of low 
cont.nu'>t, t he negative must be developed to a high 'Y in order 
to make its dcnsit.y scale appi"Oximatc the exposure scale of the 
posit ive mat.el"ial. Since the 1' of the negative is high, the limit
ing gradient~ of the paper curve may be low, a nd thus a much 
greater proport ion of the total available exposure scale can be 
u t ilized. Flat subjects therefore enable the photographer to 
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usc a greater proporLion of the exposmc sca le of a given paper 
than more eontra.sty subjects. 

In addition to t he fac t that the effective exposure sea le and, 
t hus, the cffccl'ivc contrast of a paper is depemlent upon the 1' 

of the ne~ative and, consequently, upon tlm objective contrast 
(brightness :,wa le) of the subjed, .Jones~ was able to formulate a 
general cxprcs::> ion by which the eontrm;t of a paper e:m he 
defined in terms of its chamctcristic curve. The evaluation of 
contrast proposed by him is based essentially upon the Webcr
Feehner law, which s lates that 

" l n order th:tt differences of sensory experience, sensation, shall 
have in two different ~~ases of comparison the same value for our 
reading eonflciowmess or shall appear to be equal, the stimuli that 
are compared in the two cases must differ from one anot.l~t..! l', not 
by the same aboml ute physical difference in their magnitude, but by 
the same relative dificrencc." 

\Vhile tl1is !a.w does not hold over the entire range of visual 
response, it has been shown to be vnl id for the brightness values 
commonly encountered in viewin~ photographic prin ts (p. 813) . 
It follows, in t he case of a t wo-part visua l fie ld, the brighL
ncss values of which are represented by 1 and 2, that if a 
definite brilliance (sensation) difference is produced, then in 
another t\vo-part visual field the same brilliance differenee will be 
produced by brig;htness values of 2 and 'l, m· of 4 and 8, or of 8 
and lG, etc. Therefore, within the range fo1· which the law is 
va lid, it may be said that the sensation is d irectly proportional 
to the logarithm of the brightness . In such a simple field, tho 
magnitude of subjective contrast (I.H'il liance contrast) may be de
fined as directly proportional to the lognrithm of t he ratio of the 
brightness values. Brilliance contrnst (subjective) = log 131/132 

= log Bt- log B2. 
In a complex grouping of brightness values, such as exists 

in a photographic print, there is a faet.or (other than the ratio 
of maximum to minimum brightness) whieh has a marked infiH
encc on the contrast impmssion. l•'or instance, consider two 
objects in which the limi ting brightnesses arc identical and, 
therefore, of identical brilliance contmst when this factor is 
evaluated solely from the logarithm of the ratio of the maximum 
to minimum brightness. ln one case, the transition from the 
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low to high value of brightness may occur in a few steps of 
relatively great magnitude, while in the other the transition may 
occur by a large number of small brightness differences. Under 
~mch conditions, a greater contra.st exists in that object where the 
transition from low to high brightness is rapid. In evaluating 
contrast, therefore, it is necessary to consider not only the 
absolute magnitude of the brightness interval but the rate of 
transition from one brightness to t he other. The magn itude of 
the contrast sensation may thus be said to be a function of two 
independent variables, one of which may be referred to as the 
rate or gradient factor of contrast and the other as the extent or 
altitude factor. 

The visual impression of contrast may be compared to the 
muscular effort involved in climbing a hill. This effort is pro
port ional to the altitude and to the slope, or the rate at which 
the weight of the body must be lifted. While the work involved 
in this operation is a function only of the mass and the height 
through which it is lifted, the muscular effort involved depends 
very much on the rate at which the work must be done. 

In the applieation of these general principles relating to con
trast to the partieular case of photographic prints, it is assumed 
that the print in question is viewed under uniform illumination. 
The various brigh tness values may be expressed in terms of 
density. Drightness is directly proportional to t he reflection 
factors of the various areas of the print, and, since density is a 
logarithmic function of the reciprocal of reflecting power, it 
follows that density is a log"arithmic function of the reciprocal of 
brightness . In order to express the brilliance contrast existing 
between two areas of a print, it is only necessary to specify the 
density difference, D2 - D1, which is equivalent to the term 
log B 1 - log" B 2 used in speeifying contrast in terms of bright
ness. Figure 234 shows the characteristic: curves of three mate
rials of different types; in the case of curve B, a given difference 
in exposure, fl. log E, is reproduced by the material whose char
acteristic is specified by this eurve as a density difference fi.D2; 
with another material , curve A, the exposure difference is repro
duced a.s a density difference fl.D 1• If the reproduction of an 
object consisting of on ly two briJ!;htnesses were being considered, 
the magnitudes of t:.D 1 and t:.D 2 would be an adequate specifica-
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tion of the contrast of these materials. This is not the case, 
however, for the evaluation must be extended to inelude a lal'ge 
number of brightness values. The same exposure dilTerenee, 
!J. logE, rendered at another point on t he curve for material B, 

J<w . 234. Charaeteristi(; curves of three printing papcr:J 
having: different (:untrast.'l. 

for instance, at mn, produces a density differcnee, !J.D3, which 
is <)bviously less than !J.D2. 

The rate of change of density with n)speet to exposure, while 
it does not <:onstitute a complete specification of <:ontra.st , is ;\ n 
importnnt fnct.or in its determination. However, since contra.~t 
is usually u&~d with l'eference to the dmracteristies of a material 
when its entire density scale, or a relatively large port ion thereof, 
is utilized , some other factor must be considered. T his is for
cibly illustrated by the following example: Referring again t o 
Figure 234, the curve designated a.s C, representing a third photo
graphic ma.teria.l, has the same mean value of dD/ d logE as 
curve B; in fact, the two curves are coincident up to t he points. 
Judged solely by the value of the differential dD/ d logE, these 
two ma.terials arc practical!y identical in contrast. Materinl C, 
however, has a higher value of maximum black and, hence, the 
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density scale is greater than in the case of material B. It is 
possible on materia l G', Uwrcfore, to produce print.<; in which the 
value of (D .. ,~,. - }),,,h) is a.ppreeiably greater than on mate
ria l B. There is little doubt thai J:mch a print made on mn.tcl"i:l l 
C would be classified as more contrasty t han one lll<Hic on 
materia l B . Conlrw;t a.':> a pplied to photoJ!;raphic ma t.cria.ls is 
therefore dependent upon two factors, which may be designated 
in general tenus as rate nnd extent, the former of these being 
dependent upon the di1Terentia.l of density with re;o;pect to log 
exposure, while the htiter is depemlent upon the density sca le. 

The method of evaluating quantitatively t he extent fa<:tor of 
cont ras t is fa irly obvious. H is only necessary to determine 
t he difference between the Imtximum and minimum densities for 
that portion of the characteris tic curve to which t he evalua tion 
is to apply. 

In ev:.tluating the rate factor of contrast, it is necessary 
to determine in some manner the mean 01· effective value of 
dD/ d logE for the portion of the charactel'ist ic cmve to wh ich 
the evaluation is to apply. This could be accomplished by using: 
over-all gradient, obtained by dividing the density sca le by t he 
exposui'C scale. This procedure, however, is not logical or in 
accordance with the knowledge of visual percept ion. ' Yhcn 
observing a print consisting of n large numher of a rc~1s differing 
in brightness, the impression of contrast is based upon the ra.tc 
of t.ransition from one density to another. It is necessary, 
thcrefo1·e, in evaluating the mte factor of contras t to use t he 
a vem.ge gradient based on density instead of exposure. T he 
contrast m:ty be expressed in terms of sensitometric cha rnc
teris t.ies as : 

n _ (D,,,. - D,,;,) · [ G(D)] 
'" - li1D2 ' 

i n which G(D) is the average gradient, computed in terms of 
equal density increment<; anclli1D is the smallest density differ
ence which t he eye can distinguish. Sincri this is a constant, it 
can be omitted iu the ealculation of relative contrast,. 

The measurement of lhc contrast of a paper may be accom
plished graphieally hy plotting the gradient, (i = dD/d logE, 
as a funct ion of density. The final value of contrast is, then, 
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the product of the extent factor and the rate factor. The values 
of G, corresponding to various values of density, can be read 
directly from the first dcriv:ttivc of the D, logE' curve. An 
example of such a curve is shown in Figur·e 235. Curve A is 
obtained hy plotting grad ient as a func t ion of density. Now, 

••.--------------------, 

r·a Z·O 

FIG. 23!J. Cur\"e of contrast as a func t ion of density. 

by measurement of the area enclosed by t he curve omnp and 
division by the length of the line op, the average gradient evalu
ated with respect to equal increments of density is obtained, 
giving the mte factor of contmst. The area enclosed by the 
cnrve omnp, however, is Ur e product of this average gradient 
nnd the density inte rva l (D max - Dmin), and hence the area itself 
gives contr-ast clirect.ly. By integration of t he curve omnp, t he 
curve 13 is obta ined, which shows contrast as a function of 
density. To determine the value of contrast between any def'.ig
nated poin ts on the characteristic curve, it is only necessa ry to 
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i-ead the values of the ordinates of curve B at the specified 
density limits and subtract the smaller from the larger. 

For practical purposes, it is convenient to establish a scale 
such that the values lie between 0 and 100, and this can be done 
by the application of a su itable fa ctor to the values obtained 
from t he curve. In the following table are given the results for 
a small group of printing papers used for amateur negatives, all 
of them having the same semimatte surface : 

Exposure 
Grade v_. Srok 

Sort 1.40 1.03 
:Medium 1.40 1.40 
Hard 1.48 1.01 
Extra hard 1.41 0.81 

TABI.E LXXI V 

1.13 
1.37 
2.29 
2.62 

llelativeCm~trMt 
Extent Rate 
Fac/Qr Factor 

Iknsity M ean 
Srore Slope 

1.34 0.00 
1.36 1.01 
1.43 1.54 
1.37 1.85 

Praclical 
c~ Contrast 

Factor 

1.28 2.'i 
1.37 27 
2.20 44 
2.53 50 

An instrument for determining the contrast directly from the 
chamcteristic curve was designed by Morrison 19 (Figure 236). 
As the operator scans the curve with the viewing head, H, the 
slope of the cu rve for each unit of the density scale is measured; 
and the a rea of the curve of gradient plotted as a function of the 
density is in tegrated. At the end of the scanning cycle, the 
value of n (cont rast) appears at the index of the scale drum of 
the planimeter, which is incorporated in the instrument. The 
principle of the meter is illustrated in F igures 236 and 237, 
which are simila1· in viewpoint and lettering. A sma ll port ion 
of the sensitometric cu rve D is viewed through a biprism, B. 
When the line dividing the two faces of the prism is normal to 
the part of the curve under observation, the curve appears dis
continuous. Then, the position of the prism is adjusted to make 
the curve appear continuous; the angular displacement of the 
arm A will measure the tangent of the curve at that point. The 
mechanism in the viewing carriage, ll, converts the angular dis
placement of the ann A into a linear displacement of R propor
tiona l to the tangent of the curve. As the prism tube and 
slotted arm A rotate, the roller R within the slot is so held that 
it can move only in the direction EIV. When the axis of the 
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slot is coincident \vith the line CC, the roller R occupies the 
position P. This position corresponds to the setting for zero 

FIG. 236. Colltrast meter for IJhotographie papers. 

. . 

FIG. 237. Diagram of contrast meter. 

slope of the curve, and the prism is adjusted to show the abscissa 
as a continuous line. For any other position, the side 'l'P of 
the triangle TRP (Figure 237) is constant. Angle fl'l'P is a 
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ineasurement of the slope of the curve D at point '/'with respect 
to the abscissa 'vhen the curve appears continuous in the field, 
and, since tan U1'P = RP / 'l'P :1nU 'J'P is constant, llP is pro
portional to the tnngent of the angle. The value of the tangent 
is therefore measured by the displacement along EIV of U from 
P. The rotation of the prism is controlled by the knob K 
acting through the shaft, worm, ant! rack. The worm is keyed 
to rotate with the shaft in such a man ner as to pmvide freedom 
of motion along the shaft. This lateral motion causes no me
chanical movement of the rest of the system but enables the 
curve D to be followed with the prism B. At the right end of 
t he shnft, and enclosed in the la rge housing F, another worm is 
fixed to the shaft. This worm and its rack are duplicates of the 
pair· in H. The distance from the NS axis to the point N to 
which the t racer head of the planimeter is attached corresponds 
with the displacement of the roller axis R fwm P. A typical 
path followed by N, when the curve is scanned, is shown by the 
da.':lhed line. This line repr-esents t he derivative curve plotted 
as a function of density. After the cmvc is scanned and the 
planimeter head is retur·ned to the position S, the area under 
the da.':lhcd-line curve is indicated by the planimeter drum index. 
This area multiplied hy an appropriate factor gives t he value of 
contrast on the desired scale. 

To simplify the computation of the value of n, F . and A. 
Urbach 20 suggest that an approximation to Jones' measurement 
of cont rast is given by the equation 

Q - (D.' ·y,.,,)t 
- (log;E.)I ' 

where D , is the density scale and 8 . the exposure scn le between 
the points where t he gr·adicnt = 0.2. A test of this formula 
shows a correl:ttion coefficient of 0.007 with the resul ts given by 
the expression derived by .Jones. 

THE EFFECT OF DEVEtOPl\lEXT ON TH E CUHXES OF 
PH OTOGH.APII IC PAPEHS 

Inasmuch as developing-out papers almost always contain 
eit her free solu ble halide or have bromide added to t he devel
oper, the effect of t he time of development may be expected to 
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be parallel to th:tt for negative materials when the developer 
contains bromide; thus, not only will the slope ine•·ease, but the 
whole curve will move to the left on the log: I:: axis, the incrtin. 
shift.ing toward a limit rcaehcd with extended development 
(Chapter XI, p. 41~1) . Thi.':'l shift of the inertia. 01' regression of 
the 1:ncrt?:a, as it is termed, i."J characteristic of development in 
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FIG. 238. Effect of increasing de\•clopment on the char;~r,tcristic 
curve of a chloride paper. 
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the presence of solub le halide. When t.lle ,·clocity of develop
ment is very great and much bromide i'i present, y.., is reached 
very rapidly, and the ctfect of clcvelopmcnt i~ shown only 
h.r a movement of the curve parallel t.o itself; that is , by 
regression of t he inertia. alone. Two typica l effects may t here
fore oceur in bromided development : I n the one, regression of 
the inertia. oe<~urs simultaneously with increase of slope; and in 
the ot.her, t he increase of slope oeems rapidly at the beginning 
of development, and thereafter t,he t ime of development affects 
only the rcgrc:-;~:;ion of the inertia point, this beinA: characteristic 
of emulsions having very high velocity const...'l.nts of development. 
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The rapidly develop ing chloride :tnd ch lorobromide papers 
used for the printing of am:tteur negat ives present a simple 
case of parallel cu rves showing only regres:sion of t he inertia with 
t ime of development nfter the initia l :.;tage. T his is wel l illus-. 
... 
... - I ) _ r; )~- - 1- · 

- ~~ ,. v / - :::= 1---- ' 
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Fw. 239. Eficc:t of in crea.sing de\·elopment on the characterist ic 
curve of a bromide paper. 

trated in F igure 238. With bromide p:l per, t he resu lts are 
similar to those obtained with negative materials; the slope 
increases simul taneously with the regression of t he inertia, as 
shown in Figure 239. 
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PART V 

PHOTOGRAPHIC PHYSICS 



CHAPTER XX 

THE THEORY OF TONE REPRODUCTION 

Tone reproduction is concerned with the determination of the 
pt·ecision with which the photographic pmcess is capable of 
producing a satisfadory rept·esen tation of the brightness aspects 
of t he original on a two-d imem;ional surface. 

For t he sake of simplicity, i t i::; de:sirahle to differentiate be
tween the two major aspects of the tone-reproduction problem 
as a whole. By physical methods, it is pos:-;ible to determine 
the fidelity with which the brigh tne::;s and brightness differ
ences in the original are rendered in t he reproduction. This 
constitutes the objedive phase of the problem. However, an 
evaluation of the faithfulness with wh ich the appc(mtnce of the 
original is reproduced by the graphic representation necessitates 
a consideration of t he psychologica l relationships involved in 
sensory a nd perceptual processes. This is the subjective phase 
of t he problem. 

In Figure 240 is shown a pictorial diagram 1 illustrating in a 
qualitative way the various factors involved in a complete solu
tion of the tone-reproduction problem. It is divided into ten 
steps, I to X . Eight of these, II to IX, inclusive, comprise the 
object ive phase, while I and X indicate t he nature of t he subjec
tive aspects of the p roblem. The small black cross, I , represents 
the object in consciousness (the subjective object). A complete 
solution of the tone-reproduction problem invol ves the compari
son of the characteristics of this object with those of t he repro
duced object in consciousness, X . 

In a st udy of the purely objective phase, the object, II, may 
be con::;idered as the starting point. The black cross, illuminated 
by the sun, is used as a representation of the object, II. A lens 
forms an image, III, of this object on the light-sensitive material. 
If this image is al lowed to act for the t ime lx, a latent image, 
JV, is formed in t he sen~it . i vc layer of the ne11;ativc materia l. 
After development and fixation, the latent image is converted 

755 
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into a real image; and the negative, V, is obtained. An image, 
VI, of this negative i.<:; now formed on the positive photographic 
material by means of a lens Ol' by contact printing. If this 
image is allowed to act for the time l11 , a latent image, VII , is 
produced, which is converted by development into a rea l image 

FIG. 2-10. Diagr:un illustrating the plwto~rapl 1 ic reproduction of tone. 

and thus the posit ive, VUI, is obtained. The illuminated posi
ti ve, IX, now becomes the final product of the objective phase 
of the tone reproduction process. The brightness characteristic,; 
of this illuminated positive may now be compared wiLh those 
of the origina l illuminated object , II. Such a comparison pro
vides direct information as to the perfection wit.h which the 
photographic pro(:ess lws reproduced the brightness character
istics of t he ori~inal. 

In Figure 2-11 is shown a schematic diagram similar to thnt 
shown in Figure 240, hut more speeifie. In the small circles are 
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the Len steps in the process corresponding to the pictorial rep1·e· 
sentaLion of Figure 240. The radial line from each circle con· 
nects with an enclosure in which is a statement of the essen tial 
characteristic of that particular element. Thus, the essential 
data relative to the object, II, are the values of the brightness, 

FIG . 241. Steps in ·the photographic reproduction of tone. 

Bo, of the various object areas . In the enelosures, designated 
as il, B, C, and so for th, arc J:!;iven the tran:-;form:dion factors 
by which the data, relative to one phase may be transformed into 
those pertaining to the next. If the brightness values, lJo, of 
the vn.l'ious areas of tire object, for instance, are known, they 
ma.y be conver"Led into the corresponding image illuminations, 
f .r, in t.lre camem if the conversion constant of the image·forming 
system, /C, is known. 

The multiplication of these image illumination values by the 
exposure t ime, l:" indicated at C gives the values of exposure, 
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E:,, to which the negative material is subjected. To convert 
these exposure values, h'x. into t he density of the various areas 
of the negative, D,., information is available in the form of t he 
density-log exposure characteristic for a given negative material 
processed under specified conditions. Transition from the nega
tive densities, D .. , to the illumination, I 11 , incident on the positive 
material requires a knowledge of the characteristics of the print
ing system, whether of the contact or projection type. In the 
contact-printing system, the information required at this point 
is t he illumination incident upon the negative during printing. 
The printing t ime, t.," dete rmines t he exposure, E 11 , of t he posi
tive material. The characteristic dem;ity-log exposure fun ction 
for the positive material processed under specified conditions 
makes it possible to convert various positive exposm·es, E.," 
in to densities, Dr, obtained in the positive after development. 
If the illumination, I,,, incident upon this positive is known, 
the brightness of the various areas of the fin ished positive 
may be determined; and a comparison of these brightnesses, 
B""' with the brightness, B<>, in the origina l constitutes the 
fina l solution of the objective phase of t he tone-reproduction 
problem. 

T he subjective phase of the problem requires information as 
to t he characteristics of the human observer. T his includes t he 
relation between the magnitude of the visual stimulus and that 
of t he resulting sensation , which is commonly referred to as the 
visual sensitivity to brightness a nd brightness differences. This 
visual sensitivity varies enormously, depending upon t he previ
ous stimulation of the retina and the characterist ics of the entire 
vi:'lual field at a pa rticular moment. The condition of t he visua l 
mechanism is usually referred to as the adaptation level, A.,. 
A knowledge of it makes it possible to p1·ed ict fairly satisfac
torily the characteristics of the subjective object, I , these cha r
acteristics being expressed in terms of the subjective brightness, 
brilliance, B 8a• Similarly, t he brilliance characteristics, B.~, of 
the subjective reproduction may be determined; and a compari
son of the characteristics of the reproduced object in conscious
ness with those of the original object in consciousness gives t he 
final desired solution to both the objective and subjective phases 
of this problem. 
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The tone-reproduction problem has engaged the attention of 
many workers in the photographic field. Hurter and Driffield 2 

in some of their early work on photographic sensitometry first 
considered the subject; their treatment was confined to the ob
jective phase alone. Rayleigl1 3 abo discussed, a-lthough rather 
briefly, the objccLive pha~e of the subject. Renwick ~ studied 
the qu::~lity of tone reproduction possihle when using the under
exposure region of a negative material and later presented a more 
complete treatment of the entire subject from both the objective 
and subjective viC\Ypoints.5 Rcnwick 6 gave a gmphic solution 
by means of which it is possible to construct the tone-reproduc
t ion curve, showing the relation between print dcnsit.ies a nd 
object brightnesses. This graphic solution is illw;t.ratcd in 
F igure 242. 

The log<Uithms of the object brightnesses to be reproduced 
are plott.ed on the base line, BP, \vhi~~h represents the magnitude 
of the brightness sca le of the object. The two continuous curves 
represent the characteristic curves for the positive and negative 
materials. I t is assumed that the intention is to represent the 
highest density in the negative by zero densit.y in the posit.ive; 
so that the point B of the positive material reproduces the tone 
corresponding to the point P of t he original, which, in turn, 
corresponds to t he point A on the negative curve. The other 
points on the required curve can be found by graphic construe~ 

t.ion. A pnrticular object brightnc~~, Q, corresponds to a point 
ll on the neg<l.tive curve. If a horizontal line is drawn through 
A, the vcrti<:<ll d istance, c, between this line and t.hc point U 
reprcscnt!'i t he difTerenec between the hig;hcst ncgat.ive density 
and tha t a t poin t H. When I? i:; printed, the positive m:\l.e l'inl 
receives an exposure g;z·eater than t hat received n.t the point lJ 
by an amount of which the logarithm is e. If, therefore, n. 
tHstance equal to e is laid off horizontally from B, as indicated 
in t he diagram, and a vertica l line is drawn to cut the charac
teristic curve of the positive material at C, the density a t t his 
point will correspond to the effect of the negative at R; that is , 
t.o the object brightness, Q. A horizontal line drawn through 
the point C intersects a vertical line through the point Q at S. 
I n this way, one point, S, is established on t he desired repro
duct ion curve. Every other point may be determined in a 
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similar mimner; and the dashed curve, designated as "resulting 
print," can be established for the specified conditions used in 
making this graphic solu tion. 

For exact reproduction of the brightness differences in the 
object, the reproduction curve should be a straight line at a.n 

] .'JG, 24'2. Graphic solution of tone reproduction accord in!!: to F. F. Hcuwick. 

ang;le of 45° to the base line. Correet propor·tional reproduction 
i:; indicated by a line t hat is straight bu t at some angle other 
than 45°, For instance, enhanced proportiowd rendering of t he 
tonal scn le of the object is ind icated by a stm ight line at angles 
steeper than 45 °, while a proport ional compression of the bright
ness differences of 1J1e object th roughou t the tonal scale of the 
reproduction is indicated by straight lines at angles of less thnn 
45°. Departure from st,mightness ind icates non proportional dis-
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tortious of the brightness differences. The gradient at any point 
on the reproduction curve indicates 'vhct.her or not. a t. that 
particular point. in the object-brightness scale the brightness 
difference is enhanced, compressed, or fait hfully rendered. 
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Fw. 243. Craphic ~ol utio n of tone reproduction according to L. A. Jonc~. 

A graphie solution of t he tone-reproduct ion problem, incl uding 
both objective and subjective phases, was proposed by .Jones.7 

This is a four-quadrant diagram shown in Figure 24:{. The 
c:h:uacteristie curve of the negative material is plotted as curve 
A in t he lower righ t-hand quadrant. At the top of this quadrant 
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is a loglll·it hmic seale of object brightnesses. T ile adjustment 
of t he log Bo and the log Ez scnlc.s to each other is obtnined if a 
density on the ncg1tlive, such as a,., falls upon the same vertical 
line as t he logarithm of the brightness of t he object area, ren
dered in the negative by a denl'iity of a... In the lower lcft-hrmd 
quadrant is plotted the characteristic curve of t he posit ive mate
r ial. In thi.s case, t he logarithmic exposure scale is vertical. 
The position of the curve, B, relative to the negative curve, A, 
must correspond to the exist ing printing condit ions. T hus, if 
the new1tive density, c .. , is to be rendered by a relntively low 
posit ive density , such as c,, these two poiuis mus t lie on tl1e 
same horizontal line. I n the upper left-hand quadrant the 
straight line, C, passes through the origin a t an angle of 45°. 
This diagram applies to a specific case, where the il.daptation 
level of t he observer when vicwinJ,!; t he illuminated positive is 
exactly t he same as when viewing the original. Uuder thc~Sc 

conditions, t he subjective aspects of t he lone-reproduct ion prob
lem arc sat isfactorily represented by the curve C. Uude1· other 
conditions, it may be necessary to substitute for curve C a:s 
shown a straight line having a slope other t han 45° or possibly 
a curve rather t han a stmight line. 

It is possible now to construct the tone-reprod uction curve, 
D, in t he upper right -hand quadrant. For three selected objed 
bright nesses a a, bo, and Co, vert ical li nes are d ropped onto f.he 
negat ive characteristic locating the points a .. , b,., a.ud c... Hod
zontal lines t hrough these points establish the corresponding 
points c1,, b,., and a,, on t he posit ive churacteri.stic. Verf.ictd 
lines through these points cut t he suhjective function, C, at the 
points a,1, bd, and c,1. Horizon t.11 l lines dmwn th rough theHe 
point~ inter.secL vertical lines d ra \VIl through points n", b0 , a.nd 
Co, establishing the points a", b,., and c,.; and, with sufficient 
points, t he curve D, the fina l, desired tone-reproduction curve, 
can be drawn. 

In F igure 244 is shown a construction in which the assumed 
subjective factors result in a relationship which is not linear. 
I n t his case it is assumed that all of the object brightne.sses :ue 
rendered on the st r:.tight-linc portion of t he t;urve of t he negative 
material A . The positive materia l has t he density-logarithmic 
exposure characteristic inJ icated by curve B. Curve C, in Uw 
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upper left-hand quadrant, results from conditions in which the 
adaptation level of the observer when viewing the illuminated 
positive was very appreciably lower than his adaptation level 

... ·- ... .. 

9 H-+4++++-+-H-+-t-+++-+-h-1'-+++-i'· 

..... 
F IG. 244. T one-reproduction diagram involving nonlinear 

subjective factors. 

when viewing the original. Under these conditions, the fina l 
tone-reproduction curve, D, has the shape shown. 

From tone-reproduction diagrams such as a1·e shown in Figures 
24;{ and 244, some rather interesting and significan t analytical 
relationsh ips may be derived . For instance, if the gradients at 
corrc . ..::ponding points on the four curves, A , B, C, and D, are 
designated as Gn, GP, G., and G" it can be :-;hown that these four 
gradients are related in the following manner : 

G"·G,,·G, ~ G,. 
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That is, the gradient of the reproduction cu rve at any point is 
equa l to the product of t.hc grad ients at corresponding points of 
the negative chamct.erist ic, the positive ch:uacterist ic, and the 
subjective chamcteristic. Since perfect reproduction of bright
ness differences will be obtained only if the reproduction curve 
is a straight line at an angle of 45° to t he horizonta l :lxis, t his 
condition will be fu lfilled only if the product of t he grad ients of 
curves A, B, and Cis equal to unity. If two of these values arc 
known, it is simple to compu te the gradient for the t hird wh ich 
will produce a gmdicnt of unity in the reproduction curve. For 
the stra ight-line portions of the chamcterist ic curves and of t.he 
subjective characteristics, the relationship may be expressed in 
the form 

1'n·1',, '1'o = 1'r· 

The subjective aspect of the problem is deferred to a Inter 
section. 

Returning to Figure 243, the line E, d rawn at an angle of 45° 
to the base line in quadrant I , is the curve of perfect objective 
repmduction of brightness differences . For the case illustrated, 
t he reproduction curveD sta rts in the shadow region (low values 
of log B") with a low gradient compared with the line E. This 
ind icates that shadow detail is compressed. The gradient of D 
rises for object a.reas of greater brightness unti l it is considerably 
in excess of t he ideal curve E'. Thus, in the midd le-tone regions, 
the brightness differences are enhanced. From this poi nt on, 
the gradient decreases until , in the extreme highlight, Cz , it is 
again lmver tha n that of cm ve E, indicating that highlight detai l 
also is compressed. It is obvious that a proper evaluation of 
the gradients of curve D relative to those of curve E should 
pmvide a quantitative measure of t he gradient errors. The 
ma~nitudcs of these gradient errors as a function of the object 
brightness arc shown graphically in Figure 245, in which the 
gradient of t he reproduction, G,, is plotted as n fun ction of 
log B 0 • For any point, t he ordinate indicates t he sign and the 
magnitude of the gradient erro1·. The average gradient error 
can be obtai ned by measuring the area between the curve and 
the horizon tal line OX between the points a0 and c0 and dividing 
the va lue found by c0 - a0• As shown later, the magnitude of 
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tho gmdiont error is useful in expressing qm\ntitatively the 
qua lity of tone reproduction under a given set of conditions. 

A tone-reproduction diagl'nm of the type shown in F igure 243 
can be used to illustrate graphically some interest ing relation-
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F10. 245. Gradient errors plotted as a functiot1 uf object brig!Jtnc;ss. 

ships as to the shapes of ncgat.ivc and posiLivc characteristics 
required for cor rect tone reproduction. In F igure 246, D has 
been taken as a straight line corresponding to correct objcdive 
rcprocluct.ion. Curve B in the lower ldt.-hancl quadrant is the 
chn.ra.ct.crist.ic curve of a posit ive material, and the chan1cteristic, 
A , of t he ne~ati ve material has been calculated so t.hn.t it gives 
perfect. tone reproduction. Likewise, in Figure 247 :L ncg~1 live 

clmracteristic <:urve is assumed ; and the cha racteristic curve B 
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of the positive materia l required fo r perfect tone reproduction is 
shown in the lower left-hand quadrant. It is evident that the 
curves in the lowe1' right-hand and left-hand quadrants of Fig
ures 246 and 247 are mirror images of each other. This condi-
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Fw. 24U. Tone-reproduction diagram used to calculate the characteristic 
of a negative material to give perfect reproduction. 

t ion of affairs may be referred to as t he mirror-image law; that, 
for perfect objective reproduction, t he negative and positive 
characteristics must be mirror images of each other, it being 
understood, of course, that the co-ordinate system in \vh ich one 
of the curves is p lotted is rotated th rough goo with respect to 
t he co-ordinate system in which the other is plotted. If the 
negative characteristic is available, it is, therefore, a simple 
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matter to determine the shape of the positi ve characteristic 
requi red. 
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F1G. 247. T one-reproduction dia!l; r:tm used to calculate the characteristic 
of a po~itive material required to give perfect reproduct ion . 

For the objeet.ive phase alone, the following a nalytical rela
tionships are of importance: 

The density gradient of curve A (Figure 243) is given by 

Since 

this becomes 

G = ~ = d log E11 • 

" d log 1(, d log Bo 

d log 1!, ~ d log B,, 

a-~ . 
" - d IogB, 
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Tho density gradient of curve B is given by 

C cl lY p 
'" = d log A'11 ' 

while for the reproduction curve D, 

G _ d log B mr . 
''"- d log flo 

From these relations, it can be shown that 

G, -G, ~ G.,. 

To determine the quality of tone reproduction obtainable in 
practice, it is neeeti.Sary to consider qun.ntitat ive fi.Spects , such 
l\S the brightness scalel'l, BSo, of objects, t he actu:d gradients 
obtainable in variom; types of negative and positive materia ls, 
a nd the available exposure scales of these materials. 

BRIGHTNESS CHARACTERISTICS OF OUJECTS 

The brightness of any surface is dependent upon two factors : 
the reflect:mce of the surface and the il!umination incident on it. 
Objects diJTcr greatly in reflectance. A surface coa ted with 
magnesium oxide or a block of while chalk reflects about !)8 
per cent of t,he incident light, while black velvet or blaek broad
cloth reflects one or two per cent of the incident light. A good 
quality white paper or white cloth reflects approximately 90 per 
cent of the incident light. Since the bright ness scale of an object 
or scene, BS,., is defined as the ra tio of t he maximum to the 
minimum brightness, it is obvious t hat t he maximum brightne!';s 
sca-le that can be re:1.Jizcd if all surfaces of objects are illuminated 
to the same extent is of the order of 00 or possibly !)5. 

All of t he objeets composing a landscape or interior scene do 
not, in genera l, receive the same amount of illumination. In 
a n exterior scone, certain areas may be in direct sunlight, while 
others may be shielded from it and even brgcly shielded from 
the light from the sky. T hus, objects in the shadow of a build
ing or under dense t.rces receive much less illumination than 
those in direct sunlight. i t is obvious, therefore, that in such 
cases much higher brightness sca les arc to be cxpecLcd than wit h 
objects receiving equal amounts of illumination. If an ohjecl 



THE THEORY Of TONE REPRODUCTION 769 

having a very low refleeta.nce is in a shadow where the illumi
nation is mily I / 100 of that received by a u objecL of hip:h 
reflcct.tmcc in direct sunlight, the brightness sc1dc of the ~cene 
will be of the order of eight or nine thousand. It. is to be 
expected from these ntther general considerations of the subjeet 
that the brightness scale of objects may vary over a consider
able range. 

Hurter and Drifficlcl/ in connection with their classica l work 
in t.he field of photographic sensitometry, concluded from a. study 
of what they considered a representative or average exterior 
secne t.lmt iLs average brightness scale is approximately 30. 
Examimttion of their method for obtaining this value shows that 
the melt::;ut·ement was made by a photographic method :tnd t hat 
what they really measured was the illumination sc11 le of the 
image in the camera ra ther than the object illuminntion sctde. 
In H)22, Goldberg~ in his excellent monograph on the charac
terist.ics of the photographic image stated tha.t a careful senrch 
of Edcr's Handbook yielded very little important inform:.tf.ion 
on this subject but that , according toW. SchciTer,10 brightness 
scales ns grca.t as 100,000 may be frequently encountered iu 
exterior scenes. Goldberg concludes from his own work that 
an average exterior scene has a brightness scale of a pproximately 
30. This is based on the average of about 250 scenes. It is 
uncertain whether this value applies to the average illuminatjon 
scale incident upon the negative material from a scene of average 
brightness scale with a camera and lens system having average 
flare eh:Jractcristics or whether it npplies to the brightness scnle 
measured with a narc-free brightness photometer. 

BIUG HTNESS DISTRIBUTION IN EXTEniOH. SCENES 

A few exterior scene!:> measured by L. A. Jone:-: with a portable 
photometer had a brightness scale ranging from 10 to 250. It 
was estimated, a lthough the number of scenes measured was not 
sufficient to provide a very satisfactory statistical a verage, t hat 
the average brightness scale in exterior scenes probably lies 
between 40 and 50. These measurements were m:HJe with a 
telescopic photometer, :wd it was found later t.lmta sma.ll amount 
of flare light (p. 778) was present which, while of small nh~o
lutc magnitude, was sufficient to alfcct the brightness of small 
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dark a.reas surrounded by relatively large areas of high hright.
ness. T he estimated average is therefore too low. 

Recent ly1 wol'k has been carried ou t in t he Kodak Resenr<:h 
Lahora tories 26 on a much more extensive sca le. A port.a.ble 
brightness photometer, also of the telescopic type, was used ; 
:md precaut ions were t.akcn to rcduee flare light to a minimum. 

/ ... 
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FIG. 249. Dcn~ity-log exposure curve used to reproduce landscape. 

While it is almost impos;;iblc to eliminate flare light completely , 
this inst rument when tested ;:;cemed to be satisfactorily free from 
t his t rouble. About 150 exterior scenes were measured, includ
ing a wide variety of subject types over a period of more than a 
year to include all seasonal condit ions, but it is possible that the 
average may be somewhat higher or lower than that of a. similar 
number of measurements made at widely differing geographical 
locations. I n Figure 248 is shown a reproduction of one of the 
scenes in which the brightness distribution was analyzed. The 
small numbered circles indicate the points a.t which brightness 
measurements were made, and in Table LXXV are shown the 
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brightness vn.lues cxpres~ecl in foot-la.mbert.s* corresponding to 
t.hese points. Figure 240 shows t he density values by which 
these v:l.rious objeet are:.1~ were rendered in the negative. The 
curve is therefore the effective density-log exposure chamcteri.st.ic 

5 
6 
7 

• • 10 
us. 

TABLE LXXV 

Jftu:~iptirm of A rea 
W h itc <·loud 
m uc ~ky 
Gm>~S 
S ide of hrid~c in RUn 
\VrLtcr in s un 
Brid!!:C in OJM!Il ~hade 
T rcctrunk n!' ld t 
Brid~c in lwnvy shndc 
T ree t ruuk o n ri~h t 

Hcn.vily ~h:L(\iod portion o f t ree 
Brightnc~~ scale .,r ohjc<~t 

Urit;hlneMin 
Foot-l".•ml~o~·~ts 

"""' 13:.0 
10110 
800 

"~ 
300 
JJ'j 
1110 
33 

" J!).; 

of t.he negative materia l as used in this pa rticular camcm.-lcns 
assembly a nd environment. T he curve includes the flare char
ucteristic and differs appreciably from t he scnsitometrically dc
termine<l density-log exposure char-acteristic of the negative 
material used. This is discussed further in t he St~ction dc:tling 
with flare light. The maximum brightness in this scene is 3500 

• l'lmlm»~lri<'; U>~if,., Tho ttnit of luminou~ intensity i~ tho candle. T ho t.wo other 
conr~liJtA of .u:reate>~t importnn~'() to the lotl<.~roproduction prohlem nro t·hOl!Oof illumination 
und l>ri.~~:htnCS!, th.., formcr rcferrin~-:tothomnouutof hnninou.ifluxint•i<l<;mlon n surf:u:e, 
nnd the la Mer to tho mnount of luminou~ flux coming IIWHY from a aurfllffll. 

T ho unit of ilhunination u:~C<I her'-' i~ t h'-'/wl.-o11od/~ and is the illuminlltion on n aurfarf! 
o f whido every po int i~ nl n di~tmwe of ono foot ! rom n 110int 90U~C<! hnvil\1(" luminou~ 
intensity of one c:uulle . 'l'he illumin:otion on" ~urf"<..., ut nny other dist..,u:o i~ ohtninahle 
l>y t loe :•Jmlicntion of til() wcll· known irl\'C<'SO !>Quare lnw. Illumination m:oy therefore 00 
eomputOO by thofollowingformul:.: 

whero/, - the luminous intenKity(incnnd le!!) of tho source, 
<l oo thediMI:oncc in k..;t Lctwt..;a ..ourte .~nd surfat'(), 

a nd I ~ther<"!nlt..mti!luminat.innin foot-camllf'll. 
Tho unit o f hri.~~:htnef!.~ N;Jrrcspondin~ to the foot.-cundle ;, the foolrl:omhr.rt. A surf.'l.<'() 

whiclr is" 1"-'r fLoct refk-ctor a nd u pcrfcd diffu~r. on whidr the ilhunination is one foot
tnndlo, htl.'l a hrightn<'OO! of one foot,.bm bco·t .. If n •urfnee i.~a ]>erf...-·tdiffu!!l•r bu t lwa :• 
rcflectant'C of 1?, it .. hri~htncSII will heR times the illumination ineidcnt on it. If the 
Hur fa<'Oisncit hcrn t>erft.><Ot diffuscrnor a ]>Crft..;trcfledor,itshri..:htnf'8>1will hcrhc produ!'t 
of the incirlent illumination and the directional reflectance factor rucasur"<l from the 
\'iewin.~~: an~tle. 

l'hotngrnt>l<ic cxt>OSllr<lf! m·e o·u~iom,.rily cxprcflljC{l in mct<',...f'!lii<IICH~eN>nd~. T o con· 
\'Crt illm nin:•tion \':oluc8 exr•rc"""!<l in foot.-cundle~ into !HCtcr-<:nndlcl!, it iJ! llO<.'C>II!>lry tc 
mul tiply them by tJ,.., numl><.•r of squ:•r'-' f~..;t in n ~quro.rc meter, 10 .76. 
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foot-lamberts and the minimum, 18 foot-lamberts, the brightness 
scale being 195. 

The summarized results of brightness-scale values for the 
scenes studied are shown in Figure 250. The average brightness 
scale for the entire group of one hundred and twenty-six scenes 
was found to be 160. The observed frequency distribution curve 
is not symmetrical about this average value, but this lack of 

FREQUENCY DISTRIBUTION 

?oO 40 ~ 60 70&0\10100 200 300 '1001100600 000 1000 

BRIG~TNESS SC.Al.E , !'150 

FIG. 250. Brightness scale values for scenes studied. 

symmetry and the presence of what may appear to be secondary 
maxima are probably que rather to the lack of a sufficiently 
la rge number of scenes than to a rea l lack of symmetry in the 
distribution of brightness in external scenes. 

The one hundred and twenty-six scenes may be classified into 
a few relatively homogeneous groups based upon compositional 
and lighting characteristics. Those illuminated by direct sun
light can be arranged into four rather clearly defined groups: 

Group 1. This includes distant landscapes and marine and 
snow scenes. The foregrounds contain no object of interest. 
Illumination levels, in general, arc high and bright ness-scale 
values, low. In many cases, atmospheric haze contributes to 
the enhancement of the minimum brightness value. Shadows 
arc strong and sharp. 
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Group 2. The objects of interest are nea rer the camera than 
in Group 1. Foregrounds contain objects of interes t. Atmos
pheric haze is of less importance than in Group I. 

GroupS. T he scenes arc of the type gcncnt lly photographed. 
They include people, gardens, and houses in the foreground, 
which become objects of ch ief interest. 

Group 4-. This is practicu ll_y identical wit h Croup 3; l.he only 
difference is that the objects of chief interest arc in shade whieh 
is very open. The seenc as a. whole is sunlit, a.nd, in pmctit'ally 
every case, some objeet in direct sunligh t appears in it ; but the 
object of chief interest is shielded from direct sunlight and 
illuminated by large areas of sky. 

Group 5. 1\hout twent,y-four of the one hundred :wei twenty
six scenes were photographed under conditions which m:ty he 
dcsigna.ted as hazy, light clouds or heavy clouds, and which are 
miscellaneously distributed throughout the distan t , remote, :md 
near-by C!ltegoric:-;. All of them arc included in c,·oup 5. T he 
average va lue::; of brightnc:;::; for Groups 1, 2, 3, and 4 have con
siderable significance as a guide to correct exposure for these 
groups. The lighting conditions in Croup 5 arc so diverse that. 
t he average has litt.lc significance ai'i a guide to correct exposure. 

I n Table LXXVI arc given the avcmgc vnlues for the five 
groups defined above, some scenes being used in more than one 
group. The first four columns relate to the brightness d istribu
tion in the groups, and the last four relalc to other characteris tics 
discussed later. It is seen that the average for the minimum 
brightness decreases progrc;;sivcly in t he first four groups. T he 
a verage m<~ximum brightness a bo Jc('l'eases, hut tt.t a. lower ra te. 
The brightness-scale avemge increases progressively . Jt is inter
est ing to note that if t he recommended exposure is based upon 
the minimum ohject brightness, it will almost exactly douhle 
from group 1 to 2, 2 to 3, and 3 to 4. Thi:-; agrees almost per
fectly with the recommendations given in published exposure 
tJLbles and baHCd upon years of pra.ctiral experience. I n the 
section at t he bott-om of this tJLble, under "Average of All 
C roups," arc given the averages applying to the entire group. 
From this it is seen that on the a veragc the minimum brightnc::;s 
is 14.5 foot-la.mberts, while t he maximum is 2300 foot-lamberts, 
giving the average brightness scale of 160 already mentioned. 
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T he brightness scale to be expected in interiors is about t he 
same as that existing in compositions of similar natme out-of-
doors. Sets in portrait and motion-picture studios rarely exceed 

TABLJ·: LX.. XVI 

I 2 ·' 5 6 7 8 
U. min fl. ma:c ns. TS; FY 1{ IJ~ min w 

Graup 1-28 8cNWR 
!\lin. 20 It.OO 27 720 18 1.15 54 RO 
.\lax. 100 11500 28;) :;iOo "' 3.30 255 139 
A,, 5.:i 4500 8\ 1650 43 1.00 toc. 43 

Ibtio ~~;:~- 8.0 7.7 10.5 7.9 5.1 2.85 4.7 17.5 

Grm1p //-39 Scen£s 

Min. 8.4 '"' 3[, 270 22 l.30 20.:. 9.2 
Max. 76.0 9200 3,10 aiKlO 1.')5 4.SO IGr •. o 109 
Av. 2·L'i 3J;i() \30 910 fill 2.30 "' 29.5 

H.:•t io l\'lax. 
I\ 'lin. 

!).0 I I 9.7 7.0 37 8 .1 12 

Group /ll--38 Scern:8 

li>Iin. 5.0 020 42 200 " 1.25 12.5 3.0 
M ax. 3 1.0 8000 020 2 100 200 G.iO 80.0 68 
Av. 12.5 2·100 100 5'10 80 2.40 30 15 

lMiu!!~~- ;,,:, 13 15 lO.ii 10 5.4 0.4 22.5 

Gravp!\'- 1.98ce11.es 
1\lin. 2.0 710 ll5 :>3 32 1.25 5.0 Ll 
Max. ll.li 4000 750 720 <140 8.70 39.0 34.5 
Av. 4.6 1000 34:1 2[.0 135 z.a.·, l Ui 5.!l 

llntiu;.:;~".· :J.R .:;.G G.to 13.ii 13.5 7.0 7.0 31.5 

Gr()ll/) V-22 s,;e11C$ 

i\l in. O.S2 :)[, 27 "" 22 1.15 1.1 0 .2 
Mt~X. m.o 3700 (j.IQ 2300 3f.O !1 • .'"10 79.0 U;;.o 
A,. 6.3 1000 wr, 320 60 2.75 11.r. 8 .9 

ltJ1t io ~·:;:~.· 01 G7 23.5 61 16 R.3 72.0 29r. 

A•·craye of AU Groups 

Min. O.X2 :;.; 27 38 18 1.15 1.1 0.2 
i\·lax. 160.0 II.:;()() 750 5700 440 9.50 255.0 139.0 
Av. 2300 !GO 640 68 2.35 34 17.0 

lbtio~::;:~.- 19;) 210 2S l iiO 2Li S.3 230 i>30 

a hrig:htnc.s.s rang:c of LlO; in home pm t.rait phol.o~raphy :tnt! in 
int.cri01-s under adverse light.inJ!; conditions, brightness scales 
exceeding this vuluc may frequently be cueounLercd. T he loga
rit hm of 160, t he :wcrage brightnc:s:s ~calc found in this work, is 
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2.2. Since the available density scale of a glossy developing-out 
paper is approximately 1.8, the entire brightness range of an 
average scene cannot be rendered without some compression. 
Many exterior scenes have brightness scales which greatly exceed 
the average value, and in many cases a very considerable com
pression of the brightness scale must be accepted in photographic 
reproduction. 

CHAH.ACTEJUSTICS OF Il\fA GE-FOR!\UKG t3YSTE:l\JS 

To determine the distribution of illumination on t he photo
graphic material when a scene of specified brightness composition 
is photographed, the characteristics of the objective must be 
known, as \\'ell as the relation between the brightness of various 
e lements of the composition and the illumination a t the con·c
sponding points of the image. The illumination on the photo
graphic material consists of two parts : one, the image-forming 
light and the other, the non-image-forming light arising from 
various sources, such as reflection or scatter at the glass-air 
surfaces of t.he lens system, and interreflections within t he lens 
mounting and camera interior. The non-image-forming light is 
usually referred to as flare light. If I; is used to designate the 
total image illumination expressed in foot-lamberts; I ;~, the 
illumination due to the image-forming light, that coming directly 
from the object areas; and I ih the image illumination due to the 
flare light alone, 

THE RELATION BETWEEN B. AND l;~ 

If the brightness of an object area, B~, is known, the value of 
l ;o for a corresponding point in the image formed on the photo
graphic material can be computed by the fo llowing formula: 

where I i o = image illumination (foot-eamlles) 
llo = object brightness (foot-lamberts) 
f = foca l length 

V" = image distance 
d = diameter of stop 

(I) 
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F = f / d, aperture ratio 
6 = angle of image point ofT axis 

T 11 = t ransmission factor due to reflect ion and absorption 
by glass 

H = transmission factor at point!:! off axis due to vig· 
netting by barrel. 

In case the object lies on the axis of the lens, the cos• 6 and II 
terms in this equation may be ignored; and if the object is at 
infinity, the equation simplifies to: 

(2) 

On the average, however, objects are not at infinity, and a 
correct ion should be made for the change in the relationship 
between I 1 and B., for finite object di:;tance. 

Account should also be taken in a practical formula of the 
loss due to vignetting and the optical loss from the angle sulr 
tended by off.axis objects. The weighted avera-ge displacement 
f rom the opt.ieal axis of important objects may be taken as 
± 15 degrees. 

Cos4 15° = 0.866. 

In addit ion, there is a loss from vignetting by the barrel of the 
lens. This depends upon the desig;n of the lens and the aper
ture, but for a point 15° off axis this loss may be represented by 
an average of 25 per cent . Light is lost by reflection at the air· 
glass surfaces of the lens and by absorption within the glass. 
On the average, modern lenses, which frequently have six or 
eight glass-air surfaces, do not t ransmit more than 70 per cent 
of the incident light. These various factors, which require con
sideration in the determination of a probable average value of 
the relation between I , and Bo, may therefore be 

cos• 8 = 0.866, 8 = 15° 
T, ~ 0.70 
H = 0. 75, 8 = 15° 

for a finite object distance {;, = 0.90. 
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By insertion of t he values of these four factors in formula (1 ), 
the result becomes 

(3) 

Jf it i:-; desired to expre:-;:-; / , in meter-candles instead of foot
candles, the equation become:-; 

! ,, (rn.c.) ~ B , (ft-L) · 0.40~~.~0 · 7G, (4) 

which reduces to 
!;. ~ B, ·4.4/ 4F' . (5) 

FLARE LIGHT I N THE CAl'\'IEHA 

The non-image-forming light arises from seve rn! sources. 
Light is scat tered by flaws in the glass, dust or fingerprints on 
the surfaces, or imperfections in t he surfaces. Even in a lens 
of clear glass having perfectly clean, smooth surfaces, scattering 
is caused by reflections from the surfaces in the lens, such as the 
glass-air surfaces of the lens elements, the inside of the lens 
moun t, d iaph ragm, and shutter blades. 

T he most interesting and important case of multiple reflected 
light in a lens is t hat from the glass-air surfaces of its elements. 
Cold berg 9 made extensive investigations of t he causes of so
called lens flare and gives as an example the diagram of a simple 
meniscus lens shown in Figure 251. Part of the beam passing 
th rough the lens to form an image is re (lected at the first surface 

toward the object and need not 
be considered further. But of 
the part reflected at t he second 
surface, a fract ion is again re
flected at the first surface and 
continues toward the image plane. 
These reflected beams form im-

fla~·~Gi.tl 2: 1~im~~~g~~~~is;~~~'i:~1; ages, as shown in t he diagram, 
system. at a for t he single reflection, and 

b for the double rcflect.ion. Thus, 
every pair of glass-air· surfaces in a lens constitutes an image
forming system sending light in the direction of the p rimary 
lens image. The number of secondary images increases rapidly 

N(N- 1) 
with the complexity o_f the lens and equals, in fact, --2--, 
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in \Vhich N equals the number of gla.-;s-air surfaces. (Cemented 
surfaces refleet a negligibly smalt amount of light.) Thus, in a 
four-piece uneemented anastigmat lens, there arc 28 secondary 
images; and the addition of a filter increases this number to 
45. For Reveral typical leuses having different numbers of 
glass-air surfaces, Goldber~ located all these secondary images 
and mea~:> urerl their aperture an~les. For the most part, the 
images fall at large aperture angles near the lens; so their 
beams upon reaching the film plane arc spread out and of 
low intensity. In pictures of a bright light against a dark 
background, an image fo rmed near the focal plane, however, 
usually appears as a rosette and constitutes a serious le ns fault. 
A more frequent occurrence is the formation near the focal plane 
of images of t he diaphragm. These are particularly noticeable 
at smatl apertures because the brightness of the primary image 
decreases, while on ly the size and not the brightness of the 
diaphrabrnt image is reduced. 

Since the reflect ivity of a glass-air surface is ordinarily about 
4 to G per cent, depending upon the refractive index of the glass, 
and at least two refl ections are required to direct the light toward 
the focal plane, the intensity from a secondary image at the film 
plane cannot exceed approximately O.OO:~G that of the primary 
image, and such an image can become apparent only in scenes 
having high contrast. The total light from all the secondary, 
tertia ry, and lesser images, however, often seriously degrades the 
primary ima~e. If there are N surfaces haviug a refl~ctivity r, 
assuming all transmitted light reaches the focal plane, the amount 
of true image-forming light reaching the image plane will be 
proportional to ( I - r)N. The amount of non-image-forming 
light reaching the film plane, owing to multiple reflections among 

the surfaces, will be proportional to 1 + ~jV r 1)r (1 - r)N. 

The ratio of t hese quantities is an approximate measure of 
the scattered light level to be expected. In a four-pieee 
uncementcd anastigmat lens, this ratio is 0.06 (assuming 
N = 8, r = 0.05). No pa rt of the image, therefore, will have 
a brightness less than 0.06 the average brightness, even if 
the co rresponding part of the original scene has a zero 
brigh tness. 
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The reflectivity of glass can be reduced 11 by applying to its 
surface a thin layer of transparent material having a refractive 
index intermediate between that of air and glass. For the maxi
mum effect, this layer should have a refractive index equal to 
the square root of the index of the glass and an optical thickness 
of one-quarter the wave leqgth of green light. With such a 
layer, the reflectivity for green light at normal incidence is zero 
and the average reflectivity for all colors is reduced to about 
one-half of one per cent. Thus, treatment of the four-piece 
uncemented anastigmat lens should increase its transmission 
from 66 to 96 per cent and decrease the scattered-light ratio 
from 0.06 to 0.0007. This transmission is not attained in prac
tice, and the calculations are only approximate because the effects 
of the interior of the lens mount, edges of the lens elements, 
shutter, diaphragm blades, and bellows have been neglected. 

For complete experimental information about the scattering 
properties of a lens, the light distribution should be measured 

from a point source for each 
angle of incidence throughout 
the film plane. A much. sim
pler method, due to Goldberg, 
gives a single integrated value 
of considerable significance as 
regards the light-scattering 
characteristics of a lens. This 
is illustrated in Figure 252. 
The interior surface of the 
hemisphere, a, is illuminated to 
a high level by a group of in
candescent lamps, g. At the 
pole of this hemisphere is lo
cated a small opening in the 

FI~g~~~-cat~:{~1;~~~-:~e:;~r~~~s~he enclosure b, which is blackened 
and diaphra.gmed, so that the 

brightness of the aperture as viewed from the lens position, 0, 
is extremely low; b, in fact, serves as a black body test spot. 
The objective under test, 0, forms an image of the black body 
test spot and its brightly illuminated surroundings on a photo
graphic plate at P. By the methods of photographic photom-
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etry, the illumination in the image of the black hole and in the 
image of the bright surrounding field is determined. 

The rat io of the maximum to the minimum image illumination 
is termed by Goldberg the specijic brilliance of the lens. Actually, 
this number represents the maximum image illumination scale, 
IS;, which under this particular set of conditions can be obtained 
with the lens under test. This number is of considerable va lue 
in classifying different lenses among themselves with respect to 
their light-scattering characteristics. The specific brilliance, 
however, is not of much value in determining t he relation 
between the brightness scale of an object (or scene) and the 
illumination scale of the image for conditions other than 

TABLE LXXVII 

1'ypeofl.Rn& 

Meni~cws A<'hromnt 
DoubleAnll>itigmat 
Triplet Ann$ligmat 
Four-len~ An:u;tigmut 
Four-lenll Anll.!Sligmut with 'Filter 

Number of 
Glas11-Air 
Surface& 

2 
4 
6 
8 

10 

Specific. 
BriUWnu 

160 

"' 31 
16 
10 

those of the test, and it is of little value for tone-reproduction 
computations. 

In Table LXXVII are given the values obtained by Goldberg 
for the specific brilliance of some of the objectives which he 
investigated. As the number of free glass-air surfaces increases, 
t he specific brilliance decreases rapidly. 

Goldberg also measured the specific brilliance of a group of 
lenses when the black body test spot was placed at various angles 
to the optical axis of the lens. The results are shown in Table 
LXXVIII. In general, the value of specific brilliance increases 
rapidly as the off-axis angle increases, indicating that the flare 
light is not distributed uniformly over the foca l plane, although 
this conclusion docs not agree with statements at other points 
in Goldberg's monograph. 

For the uniform distribution of reflected light, it is possible 
to compute the flare due to any number of glass-air surfaces. 
Tuttle and White 12 give the ratio of reflected light to directly 
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transmitted light as 

!, 1 I [ 1' (1 - 1' '--'') ] l 7 = r2 1 + 1-=-"'72 2 (n - 1) - 1 t2 ' 

where fu = light transmi tted after reflection at back artd front 
smface of plate 

I = directly transmitted light 

r = ( ~ ~ ~ r = Fresnel refleeti:m ~oeffic ient 
(u = refractive mdex) 

4u 
1 ~ (u + 1)' 

n = number of surfaces. 

Thi..,; formula assumes normal incidence and neglects reflected 
light of higher order and optical absorption within the glasses. 

TABLE LXXVTII 

B IULLI ASCE 0.' THE 0!1J E CTI\' J: 

Angle 

o• w• oo• ·"' l'tfmisc11Jf A chromat 
J / G.S without mount 200 320 400 630 
with front diaphm~~:m // 12 100 125 100 "" Do11.blc A na.sligmat f /6.8 cemented 

/ /6.8 100 125 100 200 
/ / 18 80 100 200 ""' Triple (Caokc kns) J/6.8 
//6.R 40 50 03 80 
/ / 18 32 03 100 12.) 

U'rj/~~~e<l A 11ll~tiymat! /6.8 
20 25 50 03 

/ / 18 12.5 20 f~ !GO 
/ / 6.8 with filter 16 20 32 40 

M eniscu.' A chromatf/6 .8 
clean 200 320 400 030 
withl:trgcfingcrmarks 40 2f.O 400 500 
du~ty 40 100 100 II;<! 

with .~light film of moisture 32 50 100 100 
with heavy film of moi~turc 16 10 ''" ;jQ 

If, further, it is assumed that all of the light reflected at the 
glass-air surfaces is uniformly distributed and that a ll of it strikes 
the primary image, the specific bri lliance for a lens system con
taining various numbers of free glass-air smfaces should be as 
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follows, N being the number of free ~lass-air I$U rfnccs : 

N 
2 

' G 

S pm:ific 
llriUionre 

625 
lOS 
48 

These values are considerably higher t.han those Kivcn by 
Uoldl>cr~, :n; shown in Table LXXVII. H seems possible, 
therefore, that either the flare light of the object-ive~ measured 

LOG Bo 

of--lo-'-' -'To_,_. , ol'•'-T-'-'-'1'--T------il--'f'--'T-.Y'o'---''';'·'----<'·T-• -''l"\o 
-r- Bo~.!.-1-+--t-+--t-t---'e.o i .. .u r-- 2.-r 

h -----1-- l.OG •so ,. 

t-+--t--++---+-+---1--t-+--t-h.-"/-\--lt--l•-• ~ 7 ---T -.,,- ,~~ 

t-+--t--++---t-+---1---t•z L/ I ~ 
/7 OSn 

12 ~ 
t-+--t--++----t-t--\--7"51"'7"--t'' -+-'-- H-\---to.9 z 

~ coo••_:;ca!;?' , I 
j.,~ ~- ---- ---- ---- ---+--- _ _!__ -- - ~: . .. 

J. V i LOGr I ~~ 
.9 2.2 2.~ .e 1.1 1." o O.!. o.e o.9 

LOG E ll. 

F10. 25:3. Diugmm for the valuation of totnl camera fl:l.re. 

by Goldberg was not actually uniformly distributed or t hat other 
factors contributed to the amount of fla re light a nd reduced t he 
values of specific brilliance. The sensitometric methods used in 
measurements of specific brilliance are laborious, hut photo
electric ins t ruments ha.vc been designed so t hat the grading of 
lenses for contrast rendition ca.n be made a rout ine mat.t.er. 

A method of evaluat ing total effective camera fln re for a par
t icula r set of <:ondit ions i;; illustrated in Figure 253. T he data 
Tequired for the solut ions of this problem include the values of 
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maximum and minimum object brightness, the corresponding 
maximum and minimum negative densit ies, and the character
istic curve for the negative material on which the photograph 
is made. Curve 1 represents the characteristic for the negative 
material. Values of maximum and minimum negative de nsities 
are located as shown on the density scale at the right and cot-re
spond to points A a nd 13 on the curve. The scale at the top of 
the figure is used to lay out the log brightness scale of t he object. 
The maximum value of object brightness is placed at the point 
where a vertical line through the point A cuts the log E o scale. 
A vertical line dropped through Bomin cuts the characteristic 
curve 1 at the point C. The ordinate of t his point C is the 
negative density by which the minimum object brigh t ness would 
have been rendered had no flare been present when the photo
graph was made. Actually, the ordinate of point B is the nega
t ive dem;ity corresponding to the minimum object brightness. 
It is evident from this that curve 1 is not the effective operating 
cha racteristic of the negative material a nd image-forming system 
used. Such a cu rve, however, can now be construded. A hori
zontal line th rough the point B intersect.':\ a vertical line thl'ough 
Cat the point D , and this point must lie on the effective printing 
characteristic of t he negative. This characteristic is practically 
coincident with t he sensitometric characteristic at the point A 
since the illumination due to flare light is always sma ll compared 
to the image illumination corresponding to the area of maximum 
object brightness. By simple geometrical or graphical prin
ciples, curve 2 can be constructed and gives the relation between 
negative density a nd logarithmic object bright ness, log BSo, 
which must be used in the solution of tone-reproduction prob
lems. The distance along the log E axis between points B and 
IJ, log F.F., is a measure of the magnitude of the flare. This is 
the number by which the measured value of object-brightness 
scn le, BSo, must be di vided to obtain the image-illumina tion 
scale IS;, 

log BS" - log Ff' ~ log I S,. 

Incidentally, the value of the flare factor found in this way is 
also useful in determining the effective minimum limiting gra
dient for the print ing characteristic. This, of course, is the 
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gradient at point D. If the gradient at point B of the negative 
characteristic curve is known, that value divided by the flare 
fac tor will give the gradient at point D. 

A useful concept is to regard the result on the image plane 
as equivalent to the addition of a fixed brightness, AB, to all 
of the object brightnesses, Ba, as observed. Then, the image 
illuminat ion corresponding to the various object brightnesses, 
B o + tJ.B, can be computed by using equation (1) relating image 
illumination and object brightness. This procedure also illus
trates a relatively simple method of construct ing the desired 
printing characteristic, curve 2, Figure 253. In Figure 253 
B omax is 1000 foot-lamberts, 'vhile B,,min is 6.25 foot-lamberts, 
the brightness scale, BSo, being 160. The flare factor is 5.0. 
The point B on curve 1 therefore corresponds to a Ba value of 
31.25. The subtraction of 6.25 from this gives for this particu
lar case a value of tJ.B = 25 foot-la.rnberts. If any point on the 
log Ba sca le is taken, such, for instance, as 1.8, which is repre
sented on curve 1 by the point x, it is evident that the image 
illumination resulting from the object brightness, B a + tJ.B, at 
this point is 63.1 foot-lamberts. By subtraction of t he tJ.B va lue 
from this, the actual object brightness is found to be 37.9 foot
lamberts. The logarithm of this being 1.58, a perpendicular 
dropped fmm 1.58 onto the log B o scale intersects a horizontal 
drawn through the point x on curve 1 at y, which must lie on the 
desired printing characteristic. In a similar manner other points 
can be determined and the complete characteristic drawn in. 

The values in the last four columns of Table LXXVI are now 
seen to be derived from the graphical constructions illustrated 
in Figure 253. In column 5 are given values of the illumination 
scale of the image, I S;, while in t he sixth column arc values of 
flare faetor. In the seventh column are the values of effective 
minimum object brightness, and in the last column, those of tJ.B. 
It is to be noted that the average value of t he illumination scale 
of t he image increases progressively for the first four groups of 
scenes, a nd this is t rue also of the average value of flare factor. 
The minimum value of flare factor is about the same for all 
gl'oups, while the maximum increases rapidly from group to 
group. In the last section of the table, the average illumination 
scale of the image is seen to be 68. This represents the exposure 
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range which the negative material is called upon to render on 
the average. Since the exposure sca le of most high-quality 
negative materials is several hunch·ed, it is obvious that modem 
negative materials can give satisfactory rendit ion of the image 
illuminations. The maximum image-illumination scale observed 
in t his group of subjects was 440, which is only about half of the 
total negative exposure scale available. It is interesting also 
that the average value of the effective minimum object brigh t
ness decreases progressively from Group I to IV, and here, again, 
the ratio from group to group is approximately 2. The average 
tJ.B is high for the scenes in Group I, for which the average flare 
f:tctor is relatively low. The average 613 for Group IV, on the 
other hand, is low a lthough this resu lts in a high flare factor. 
Tltis follows, of course , from the fact that the minimum object 
brightness in scenes of the type of Group IV is low; and, hence, 
a relatively small added brightness produces a large reduction 
in t he va lue of illumination scale in the image. 

F lare light in the camera has sometimes been stated to be 
equivalent to a haze layer between the photographic objective 
and the object. This is not so, because such a haze layer, in 
addition to raising the brightness of the dark objects, tends to 
decrease the brightness of the brighter objects. F lare in the 
camera docs not impair definition in the t rue sense. It dc
cre:lses con trast, which may easily be interpreted as definition 
loss. That flare docs not impair definition can be ptoved by 
increasing the contrast in making the prints to compensate for 
the loss due to flare light. 

The results given in Table LXXVI were obtained with a lens 
hav ing only four free glass-air surfaces and a specific brilliance, 
as defined by Goldberg, of 40, the lens being mounted in a camera 
of inherently low flare characteristics. The average flare factor, 
2.35, obtained for this optica l system is probably considerably 
lower t han that which wou ld be obtained from the use of a wide 
variety of cameras and lenses. The tendency in recent years 
has been toward the use of relatively sma ll compact cameras 
equ ipped with wide aperture lenses often having six and eigl: t 
free glass-air surfaces. For such equipment, the average value 
of flare factor is probably not less than 5.0. For an average 
brightness scale of IGO, the illumination scale in the image would 
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be 32. Thus, in addition to the compression of brightness differ
ences in t he extreme shadow region due to the negative material, 
there is an addiLional reduction to one-fiHh of the previous va lue 
f rom the effect of flare. However, this part of the tonal scale 
is rendered in the positive by the steepest port ion of the positive 
characteristic, and much of this apparent loss in shadow detail 
is recovered in the positive. 

NEGATIVE :MATERIALS AND NEGATIVES 

From the standpoint of lone reproduction, interest centers in 
the shape of t he characteristic curve of negative mater ia ls and in 
a consideration of their available exposure and density scales. 
The shape characteristics of negative materials may be ex
pressed qualitatively, at least, by a specification of the length 
of the toe of the characteristic curve. Some materials show long 
sweeping toes covering a relatively long exposure range, so that 
the straight-l ine portion does not begin until fairly high density 
values are reached. On the other hand, materials of the short
toe type give s traight lines beginning at relatively low density 
values, and the exposure scale covered by the toe regions is quite 
short. In Figures 254 and 255 are shown groups of character
istic curves representing the approximate extremes of toe lengths 
in present-day commercia l materials. Each figure contains a 
family of four density-log exposure characteristics obtained by 
development of these materials to different extents. In Figure 
254 the toe region covers a log exposure scale interval of approxi
mately 1.20, while in the material shown in Figure 255 this va lue 
is reduced to approximately 0.40. In Figure 254, curve 2 repre
sents a normal amount of development, giving a 'Y value of 0.81. 
The point 0 on this curve is located at the minimum useful 
gradient point. 

If th is material is used to photograph a scene having a bright
ness scale, BS,, equa l to the statistical average of the group of 
scenes already studied, assuming that a camera lens system 
having a flare factor of 5 is used, the average brightness scale 
is 160, which divided by 5 gives 32, equivalent in log units to 
1.50. It is evident that under these conditions only a relatively 
small port ion of the available exposure scale of this material is 
used. In fact, the exposure might be increased without intro-
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.FIG. 254. Group of characteristic curves having lon).( toe portions. 

FIG. 255. Group of characteristic curves having 8hort toe portions 
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clueing any serious loss of highlight detail until the maximum 
exposure falls at the point L'. In this case, the deepest shadow 
would fall at the point marked M, and a negative using only the 
straight-line portion of the material would be obtained. The 
exposure would be 32 times that required to render the deepest 
shadow at point 0. It is obvious, therefore, that a fairly high 
latitude is available in making the negative exposure. 

Assuming that, instead of a flare factor of 5.0, the camera lens 
combination has a flare factor of 2.5 and, again, that the deepest 
shadow is at the point 0, while the highest image brightness falls 
at the point M . Furthermore, if a scene having the maximum 
brightness scale of that observed in previous work, namely, 760, 
is photographed with a camera lens combination having a flare 
factor of 2.5, by adj ustment of the exposure so that the deepest 
shadow again falls at the point 0, the area of highest brightness 
will fall at N . Even in this case the exposure could be increased 
four to eight times without serious loss of highlight detail. It 
appears, therefore, that in the photography of exterior scenes 
there is little probability of any conditions being encountered 
for which the brightness differences cannot be satisfactorily re
corded on modern negative materials. 

The possibility of transferring the density differences recorded 
in the negative to the positive material entails consideration of 
the values of the density scales from various object brightness 
scales and development conditions. For the three negatives 
illustrated, namely, 0 to L, 0 to M, and 0 to N, the corre
sponding density scales are 0.87, 1.07, and 1.62, respectively. 
According to the tone-reproduction diagram, Figure 243, the 
density scale of the negative must not exceed the available expo
sure sca le of the positive material if all of the density differences 
in the negative are to be rendered in the positive material. In 
general, prints of satisfactory quality will be obtained if the 
density scale of the negative has approximately the same value 
as the exposure scale of the positive. To obtain prints from the 
negatives mentioned above, therefore, it is only necessary to 
choose positive materials having useful exposure scales of ap
proximately 0.87, 1.07, and 1.62, and these are found in positive 
materials classified qualitatively as hard, medium, and soft. If 
the negative represented by 0 toN on curve 2 were transferred 
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to curve 4, the density scale would increase to 2.57; and uo 
posit ive materiab have exposure scale:; of tJ1is magnitude. From 
t he stnndpoint of tone reproduction, therefore, it is necessmy to 
control the development of the negative materia l in relation to 
the illumination scale of the image so that t he density scale of 
the negative is printable upon the positive materials. 

In Figure 255, negatives resulting from t he same conditions 
as those illustrated in Figure 254 are indicated by the point.s 
0, L, J.lf, and N. In the case of the m a.terial illustrated in 
Figure 255, the negatives cover largely the straight-line portions 
of the characteristic curve. Thus, this negative material repro
duces the illumination differences incident on the material in l..he 
camera with less departure from strict proportionalil..y than in 
the case shown in Figure 254. 

CUAH.ACTEJUSTICS OF PRI~TING SYSTEl\·IS 

The next step in the tone-reproduction process is t he printing 
of the negative image onto the positive materia l. This is accom
plished by two general methods-contact print ing and projection 
printing. In contact printing, it is necessary that the density 
values attributed to the various negative areas arc actually the 
effective densities operative under the conditions used. T his is 
discussed in Chapter XVII, p. 645. In projection printing, 
the problem is much more complicated. This arises from the 
diversity in t he opt ical properties of projection printers and from 
the light-scattering properties of the silver image. Projection 
printers may be described as diffuse, scmidiffusc, or specular. 
If the negative is placed close to, or in contact with, a sheet of 
diffusing mnteria l, such as pot opal glas.s, the effective projection 
density v:.tlue.s will be very close to tho.se of t he pot opal values. 
However, if the light incident upon the negative is approximately 
parallel, as in an enlarger having condenser lenses which image 
a small light source in the projection lens, much of the light 
transmitted through the negative is scattered. As a result , tl1e 
effective project.ion densities of the negative will be increased. 
A projection printer employing a light-focusing device, such as 
condenser lenses or ellipt ical reflectors, combined with moderate 
diffusion, sud 1 as that afforded by a sheet of ground glass, gives 
a condit ion intermediate between t he two extremes. In Figure 
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250, curve A shows the relationship for a projection printer 
ha ving a relatively high degree of specularity, the slope of this 
line being 0.80. 

Projection printers also contribute flare light to the projected 
image. This has the same origin as flare in camera systems but, 
in general, the amount in project ion printers is very much less 
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Fw. 256. Operating characteristics of o. projection printer. 

than in the negative-ma king operation. As a rule, the only 
illuminated area presented to the objecti ve of the projection 
printer is the negative itself, the surrounding areas being dark. 
However, particularly in the case of negatives having high den
sity scales, the amount of flare light may be suffi cient to produce 
very definite distortion in the dist ribution of illumination on t he 
posit ive material. In Figure 25G, curve B shows t he flare char
acteristic fo r the projection printer for which the effect of specu-
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larity is shown in curve A. The effective operating characteristic 
of this printer, in which both flare and specularity effects are 
present, is given by curve C. By the introduction of curve C 
into an elaborated tone-reproduction diagram, the correct tran~
fer of the negative densit ies into the image illuminations incident 
upon t he posit ive material can be achieved. 

POSITIVE l\UTERTAI.S AND POSITIVES 

The characteristics of positive materials are of particular im
portance from t he standpoint of tone reproduction. 1\1odern 
printing papers fall into three general categories : those referred 
to generally as chloride, bromide, and chloro-bromide. The 
first group of printing papers is characterized by high devel
opment rates, so that i!l a few seconds the curve shape has 

fiG. 257. Characteristic curves or Vclox papers. 

attained equilibrium. With extended development, the curve 
merely moves parallel to itself along the log exposure axis. 
Bromide papers develop somewhat more slowly and therefore 
afford a greater control of curve shape. The chloro-bromide 
group lies intermediate bet\veen the first two but resembles the 
chloride papers more closely. 

In practice, the development of negatives is carried to a fixed 
extent, which means that, if the scenes vary appreciably in 
brightness scale, the resultant negatives have a rather wide varia-
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tion in density scale. To print these various negatives satis
factorily, different contrast grades of printing paper must be 
used. In Figure 257 are shown the characteristic curves 13 for 
six grades of a developing-out paper (Velox F Glossy). It is 
seen that they have approximately the same Dmax value. The 
available exposure scale, however, varies from approximately 
1}) in logE units for the No. 0 grade to approximately 0.5 for 
the No. 5 grade. These materials, as well as practically all 
commercially available developing-out papers of the chloride 

FIG. 258. Characteristics of negative materials fitting the 
characteristics of Velox papers. 

type, arc characterized by rather long sweeping toes, straight
line portions which, if existent, are very short (with respect to 
exposure scale), a nd shoulders which break rather sharply at 
relatively high densities and become parallel to the logE axis. 
It is interesting to see the shape of t he negativeD, logE curve 
required to fulfill the mirror image law and give perfect objec
tive tone reproduction if the entire positive curve, from D = 0 
to D = Dmu, is to be utilized. The negative characteristics 
fitting the six posit ive materials in Figure 257 are shown in 
Figure 258. Negative materials having such characteristics are 
not available. But, as a rule, minimum densities less than 0.05 
and maximum densities greater than 1.55 are not required in 
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positives. In Figure 259 a rc shown the positive characteristics 
so limited, and in F igure 200 are shown the negat ive charac
teristics giving a perfect fit. 

The maximum density obtainable on developing-out pn.pers 11 

depends upon t heir surface characteriHtics. For surfaces having 
high gloss, 1. 7 represents the approximate limit obta inable, 
alt hough a few materials having somewhat greater values are 
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FIG. 259. Limited characteristics of positive materials. 

availa.ble. If the surface is of a ~emimatte or velvet type, the 
D ... u. falls to approximately 1.55; while for dull, dead matf.e 
surfaces, t he maximum obtainable density is not much greater 
than 1.30. I t is obvious from this that there are many bright
ness sca les in natural objects which cannot be reproduced by 
these materials. The average brightness scale of t he one hun
dred and twenty-six exterior scenes previously di~cussed was 
160, log BSo = 2.2. Even for the average, therefore, some com
pression of bright ness scale must be accepted. The maximum 
brightness scale of the Rame group was 760, log BSo = 2.9, which is 
beyond the range of any photographic material coated on paper· 
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Positive materials arc also coated on a t ransparent support, 
such as lantern slide plates and motion-picture positive film. 
The exposure and density scales of these materia ls differ mark
edly from t hose of photographic papers, as shown by Figure 217 
on page 706, which shows a family of curves for motion-picture 
positive film, t he four curves resulting from different extents of 
development. The exposure scale decreases somewhat as t he 
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Vw. 200. Negative characterist ics giving a pe rfect fit on the 
limited posit ive characteristics. 
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extent of development is increased. In the case of the shortest 
development time, "Y = 1.02, for instance, this material could 
easily render a negative having a density scale of 2.2. Under 
these conditions, however, the density scale of t he posit ive would 
be only about 2.2. For the longer t imes of development , the 
a vailahle exposure scale contracts to about 1.4, accompanied by 
an increase in t he density scale of the positive, to approximately 
3.5 With this materia l, therefore, it is possible to reproduce 
an object-brightness scale of over 1000 though in practice the 
full density scale is not used. 
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The development of motion-picture positive film processed in 
the large motion-pictu re laboratories is remarkably constant, and 
the result obtained from this high ly standardized processing is 
shown in Figure 261. Examination 1~ of a large number of 

/ 
3 

2 

1/ 
2 

2 

I 
' 1/ 
' I 
' 
0 

I 0 

../ 
0 

1.4 ~~ M 03 M ~ U 15 1~ 

LOG E,., 

0 

FIG. 201. Characteristic curve of motion-picture positive film 
with standard processing. 

samples from release prints indicated that the minimum density 
is, on the average, approximately 0.3, while maximum density 
is about. 1.8. It is evident, therefore, that the entire available 
density scale of this product is not utilized. There are very 
definite reasons for not attempting to u tilize the entire available 
density scale, as will be seen when the characteristics of repro
ductions are considered. 

CHARACTERISTICS OF THE OBJECTIVE REPRODUCTIO N 

A positive does not become t he final objective reproduction 
until it is illuminated, and its fina l brightness characterist ics 
depend upon this illumination. The illumination levels by which 
prints on paper a re viewed are quite diverse. At night, the 
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viewing light is wholly from artificial sources, and the illumina
tion values may he as low as 5 and seldom exceed 20 foot-candles. 
Exhibition print.<>, of course, are usually hung on the walls for 
v iewing. It seems reasonable to as.sume that the illumination 
levels vary from 10 to approximately 50 foot-candles. During 
daylight hours, illuminations from 200 to f:iOO foot-candles may 
be found near windo\vs, while at points farther removed from 
windows these levels probably drop to 50 to 100 foot-candles. 
Prints arc probably viewed out-of-doors to a relatively small 
extent, but t he illumination would seldom exceed 1000 or perhaps 
1500 foot-candles. 

T he reflectance values of prints may be 2 per cent for the 
lowest reflectance and 80 per cent for the highest. In T able 

TABLE LXXIX 

T.orotian 
llrightneuoj Print.li 

I, 
10 
20 

200 
50 

Interior, night, o.vcrngc home 
Interior, night, »alum' 
I nterior, day, ncar windou·~ 
Interior, day, away from windows 
Exterior in sh:W.e 1000 

Brightneu of Scene3 

Exterior l .ow 
Exterior Avcra.ge 
Exterior High 
Interior Low 
Interior Average 
h1tcrior lligh 

B~min 
1.0 

15.0 
50.0 
0.1 
1.0 
4.0 

B. min 
0.2 
0.4 
4.0 
1.0 

20.0 

IJ.ma:t 
200 

2<00 
10000 

30 
300 

1000 

Jlpmtu: 
8.0 

16.0 
HiO.O 
40.0 

soo.o 

LXXIX are shown the brightness values for some selected situa~ 

tions. It is seen that for prints vie\ved in interiors minimum 
brightnesses vary from 0.2 to approximately 4.0 foot-lambcrts 
and the maxim um brightness from 8 to 160 foot-Iamberts. These 
brightnesses may be compared with those encountered in exterior 
sce~es shown in the lower part of the table for high, a verage, 
and low illumination levels. It is evident from t-hese data that 
the absolute brightnesses of exterior scenes arc very seldom re
produced in the photograph. Fortunately, the reproduction of 
t he absolute brightness values is of secondary importance be
cause, as a study of t he subjective phase of t he problem shows, 
the sensation produced by a given stimulus (brightness) depends 
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upon the condition of t he observer's eye. A brightness of 1 or 
2 foot-lamberts viewed with the eye adapted to a low level of 
illumination may produce a sensation resembling very closely 
that produced by a hrig;htness of severa l hundred foot-lamberts 
when the eye is adapted to a higher level of illumination . 

For positives projeeted onto a screen, as in motion-picture 
practice, the chanu:teri:-;tics depend upon the pmject ing optical 
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l'lG. 262. Effect of lens fhrc upon the screen image. 

system and, especially, upon the flare light due to scatter from 
various parts of the equipment. For a thorough understnnding 
of this situation, t he entire theater must be considered as a piece 
of optical apparatus, because a. considerable amount of light may 
reach the p rojection sc reen by reflection and from the room 
lighting. In Figure 262 16 is shown t he effect of lens flare upon 
the characteristics of t he screen image. The curve A represents 
the D, logE chamcteristic curve for motion-picture po~i tive film 
and is similar to t hat in Figure 261. A positi ve of relatively 
low average density projected by a lens having appreciable flare 
appears to have the characteristic shown by curve 13 . There is 
no difficulty in rendering in positive film a density range of 2.5, 
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which, of course, should give an image-brightness scale 011 the 
:,;erecn of 320. Owing to the effects of lens flare, however, the 
brightness scale illustrated in Figure 262 is only 50. The case 
is probahly an extreme one, and fo r positives of higher average 
density and a modern lens system of high quality the flare due 
to the lens ikiclf is appreciably less . Tuttle showed, in fact, 
that with a commercially available projection lens, such as is 
used extensively in motion-picture theaters, the degradation of 
projected image-brightness scale is very small. Hmvever, to t his 
must be added the degradation of image contrast by general 
thea-ter auditorium lighting. In a large the:tter of modern de
sign, t he scattered ligh t from the auditorium illumination and the 
reflected light from such objects as walls, cei ling, and audience 
may easily amount to 0.1 to 0.4 foot-candles . In a projected 
image of which the maximum illumination is 15 foot-candles 
(a relatively high value) and the minimum illumination 0.15 
foot-candle, t he brigh tness scale of t he image is reduced from 
100 to 00, assuming a n illumination from house sources of 0.1 
foot-candle. It seems reasonable to assume that in motion
p icture theaters, on the average , the brightness scale of the image 
falls between 40 and 70, depending upon specific conditions. 

THE REPRODUCTION CURVE 

The final step in the completion of the objective tone-repro
duction cycle involves a eompari!:lon of the brightness character
istics of the reproduction with t hose of the original, as shown in 
the first quadrant of the tone-reproduction diagram, Figure 243. 
The genera l results may be illustrated by one or two typical 
examples. In the lower part of Figure 263 is shown a repro
duction cu rve for an actua l case. This represents the charac
teristics of the prin t 27 shown in t he upper part of the figure. 
While it may be impossible to judge precisely from the half-tm1e 
reproduction, a n inspection of thi~ print by about two hundred 
observers led to t he conclusion that its quality was equal to t he 
best t hat cou ld be made by any adjustment of negative exposure 
t.ime and choice of printing paper contras t. ln the lower part 
of Figure 264 is shown a reproduction curve for the photograph 
in the upper part of the figure, and this print in the opinion 
of the two hundred observers was very definitely of lower 
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photographic quality. Comparison of the reproduction curve 
in Figure 2G4 with that in Figure 2G3 indicates very clearly the 
significance of these curve shapes a.<; indices of print quality. 
As plotted, the relative log B, sca le refers to the actual image 
brightncs.s iueident on the eamcra when the negative \VIIS made. 
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FIG. 265. Heproduction curve plotted 
against actual object brightnesses. 

The camera lens combination 
had in that environment a 
flare factor of approximately 
2.0. Therefore, if the repro
duetion curve R-8 in Figure 
263 were plotted against act
ual object brightnesses, it 
would appear as shown in 
Fig;ure 265. H is seen that 
in this print a compression 
of approximately 50 per cent 
has been made in the bright
ness scale of the print com
pared to that of tlte objeeL 

However, since the cu rve R-8 deviates but little from a straight 
line, the compression is almost perfectly proportional although, 
of course, there is a. little enhanced compression of the bright
ness difference:,; in the extreme shadows and highlights and some 
expansion of the brightness differences in the middle tones. 

THE SUBJECTIVE PHASE 

The purpose in making a photograph is generally to pro
duce a representation which recreates in the mind of the ob
server the impressions received when the origina l was viewed. 
Consequently, the complete solution of the tone-reproduction 
problem involves a consideration of the subjective phase of 
the problem, expressed in the steps I and X of Figure 240, 
page 756. 

The characteristics of the object and the image which are 
important in t he objective phase of tone reproduction are those 
of briyhlncss and brightness scale. While the same term is often 
applied to visua l sensation, it tends to introduce confusio n; and 
for lhe subjective phase t.he psychological correlative of bright
ness, brilliance, i::o preferab le. 
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\Vhile sensation cannot be measured, strictly speaking, it can 
be evaluated in relative terms. For the .solution of the tone
reproduction problem, the relat ionships of immediate impor tance 
arc those whieh specify the sensit ivity of the human eye to 
brigh tness differences. Weber 17 wa.s proba bly the first to estab
lish a relation between the brilliance characteristics of sensation 
and the stimulus. His work indicated that just noticeable bril
liance differences at va rious levels were woduced by a fixed ratio 
between the values of brightuess. Fechner Js expanded this into 
the so-cal!ed IV ebcr-Pechuer law, which, expressed in his own 
words, is that "as the stimulus grows iu geometrical progression, 
the visual sensation resulting from the former grows in arith
metic progression." E xpressed symbolicnlly, this takes the fonn 

in which !:iS indicates a just not iceable change in the sensation 
and !lB is a brightness increment which must be added to the 
brightness, B, forB + !lB to appear noti ceably difTerent fmm B. 

]Vi any investigators have studied th is la.w experimentally, and 
it appears that the relat ionship is valid over on ly a relatively 
short range of brightnesses. In Figure 2()() 19 are shown the 
experimental results obtained l>y different 'vorkers from 1805 to 
J915.20 It is seen that, in general, the agreement is good. 

~is given as a function of log Band, therefore, expresses the reti

nal sensiti vity to brightness differences in t he inverse form, since 

the smaller the value of¥, the greater the sensitivity to bright

ness difference::>. ¥ is seen to be approximately eoustant in 

the region from I to 250 foot-lambert.s *but increases very much 
a.t brightness levels below I foo t-lambert and begins to increase 
somewhat at brigh tness levels above 250 foot-larnberts. 

These measurements were made with monocular inl-i tnnnents 
having artifi cial pupils so thaL t here was no change of pupilbry 
diameter for different illumiJmtiOJI levels. Because of these limi
tations, the results shown in Figure 2GG arc not direetly appli-

•tfoot-l:unhcrt iaequivalenttnl.071imillilamherta. 
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cable to tone-reproduction problems. This can be illustrated by 
following the experimental methods used. Most of the visual 
field of the observer is filled with a surface illuminated to a 
brightness B. In the center, at a point on which the observer's 
attention is fixed, is a relatively small spot, usually subtending 
about;~ degrees at the eye of the observer, of which the bright
ness can be controlled. The observer adjusts the brightness of 
this spot until it is just noticeably more brilliant than the 
surrounding field. The difference between them is D.B. The 
brightness of the peripheral field is t hen changed and the opera
tion repeated until the entire range from the absolute threshold 
to the limit of the instrument has been covered~ This procedure 
is not at all similar to the visual operations of an observer 
viewing a field under normal conditions. Then the field consists 
of a heterogeneous mosaic of areas differing in brightness, and 
the eye is called upon to differentiate brightness differences in 
this field. While there is usually a considerable difference be
tween the highest and lowest brightness in such a scene, it is 
much smaller than that shown in Figure 266, which extends from 
0.0001 foot-lambert to 5000 foot-lamberts and covers a bright
ness scale of 50,000,000. The average brightness scale in exterior 
scenes is approximately 160 and the possible maximum value 
of the order of 1000. As the attention of the observer of a scene 
\Vandcrs from point to point, there is probably some change in 
retinal sensitivity owing to variations in the illumination; but, 
in general, the sensitivity of the retina is stabilized by the 
average brightness of t he scene and the peripheral su rroundings. 
The information, therefore, required for the solution of tone
reproduction problems relates to the sensitivity of the eye to 
brightness differences when the general sensitivity of the eye is 
stabilized . IJOwry 21 attacked this problem and published results 
for a relatively few conditions in the region of medium and low 
brightnesses. His method is described below. 

The visual sensitometer consists of a hemisphere having a 
rad ius of one meter, the interior su rface of which is covered with 
a matte white paint. Observations are made from approxi
mately the center of this hemisphere. In this way, t he entire 
visual field is of uniform brightness, the value of which can be 
adjusted from 0.0005 foot-lambert to approximately 600 foot-
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lambert<>. At the pole of the hemisphet·e is located a test field, 
circular in shape, which subtends an aug:le of approximately 2.5° 
at the eyes of the observer. The test field consists of two parts, 
the di vision being along its vertical diameter; and the bright ness 
of each part can be adjusted independently from 0 to a fairly 
high level. The appearance of the visual field is illustrated in 

8 . 
FIG. 267. F ield of visual 

s<msitomctcr. 

Figure 267. The large circle 
indicates the outer boundary 
of the hemisphere, which 
forms the sen..'rilizing field. 
The brightness of this is des
ignated as B1. The small 
circle at the center represents 
the test field, the two parts 
of which are designate-d as 
x and y, and the brightnes
ses of these test fields a t any 
time are B:r. and B 11• This 
test field is ·viewed with both 
eyes without any obstruction 
between the eyes and the test 
field. 

To determine a specific contrast sensitivity, the field bright
ness, B" is set at some vnlue for which it is desired to determine 
the specific contrast sensitivity. The first step is to determine 
the brightness of subjective black, and t his bright ness is that 
which produces a brilliance of 0. The brightness of one part of 
the test field, for instance, y, i.:; set at a very low value. The 
brightness of x is then set to be just noticeably less brilliant 
than y; then the brightness of y is reduced so that the brillia.ncc 
is just noticeably less than that of x. This is continued until a 
further 1·eduction in the brightness of y by any amount does not 
produce a lesser brilliance than that of x. The brightne..'>s of t he 
x part of the field is that of subjective black (brilliance = 0) for 
t his condition. A similar process is then followed, but in the 
reverse order; in fact, two genera.! techniques may be used : one 
known as the step-by-step method and the other, the discontinuous 
method. In the former, assuming that the x part of the test 
field is set at subjective black, the brightness of y is raised until 
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it is just noticeably more brilliant than x; and from the cal i
brated scales of the instrument the value of ilB (t:.B = B 11 - B~) 

is recorded. t:.B corresponds to a just noticeable brilliance differ
ence (j .n.d. ) and is t he fundamental unit in which sensation is 
evaluated. The brightness of xis raised un t il it is just noticeably 
more brillia nt tha n y, and ttgain the value of t:.B is determined. 
This is con tinued until the upper limit of the instrument is 
reached. From the values of tJ.13 plotted along the abscissa ax i~ , 

adding one unit to the ordinate va lues for each step, the response 
curve of the eye for th is particular condition of adaptation can 
be determined directly. 

The procedure described a bove is extremely laborious, and 
usually the discont inuous method is used. This involves the 
setting of one pnrt of the test field, y, for instance, to some known 
brightness value a nd then adjusting the other part, x, so that 
t here is a just noticeable brillian ce difference between the t wo 
halves of the field. The brightness of y is changed by a suitable 
amount and the process repeated. In this way, values of t:.B 

and B are determined, and the rat io, either ¥- or -fn, can be 

plotted as a function of B. This procedu re does not give the 
response curve directly bu t yields the fi rst derivative of the 

response curve if #s is plotted. 

I n Figure 268, plotted from Lowry's data, are shown two 
contrast sensitivity curves: A, for a sensit izing field brightness, 
Bh of 10 foot-lamberts and B, for 93 foot-lambcrts. The values 

of ~ a re plotted as ordina tes. These ordinates arc, of comse, 

inversely proportional to t he contrast sensitivity of the eye. It 
is interesting to note that in the curve for B 1 = 10 foot-lambcrts, 
the maximum sensit ivity occurs where B has a value of 10 foot
lamberts and that in the curve for 131 = 93 foot-larnbcrts, the 
maximum sensitivity occurs at a B va lue of approximately ~)3 
foot-l amberts. This, of course, is to be expected, since when one 
part of the test fi eld x has a brightness equa l to 13" the experi
mental conditions are similar to those used in the determination 
of the general sensitivity relatio nship shown in Figure 2GG. 
Thus, for any specific brightness contrast function, the maximum 
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sensitivity occurs when the test field matches the brightness of 
the peripheral or sensitizing field. This is in accordance with 
fhe findings of Cobb 22 and Dittmers,Z3 This condition can hold 
over only a restricted brightness range, however, fo1·, as shown 

.. .. 

FIG. 2()8. Contrast sensitivity curves for two levels of field brightness. 

by Lowry's data, when 131 is low (0.0005 foot-lambert, for in
stance) the maximum sensitivity is not at B"' or B11 = 0.0005, 
but at 10 foot-lamberts. 

In Figure 269, the data contained in the B curve of Figure 208 

are replotted as curve A, using -!n as ordinates. These ordi

nates are now directly proportional to sensitivity, and by inte
gration of the curve the response curve 13 is obtained. While 
it may be possible to write an analytical expression representing 
curve A and then to derive curve B by integration, it is simpler 
to rely upon graphic in tegration for the determination of curve B. 
The ordinates are, of course, in arbitrary units depending upon 
the integration constants. But it is quite possible to convert 
these ordinates into the fundamental sensation unit, a just notice
able difference. In the particular case illustrated in Figure 269, 
this conversion can be made by dividing t he ordinate va lues by 
0.44. The vertical dotted line, OM, is drawn where 131 is equal 
to 93 ft.-1. , the brightness of the sensitizing field. The ordinate 
of the response curve at this point, 30.2, divided by the integra
t ion constant gives 68; and this is the number of steps of ju~t 
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noticeable difference between subjective black and t he sensitizing 
fie ld brightness, 93 foot- lambert.s. Curve B represents for the 
eye under these particular conditions a function directly a nal
ogous to the D, logE relationship fo r a photographic material, 
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FIG. 2GO. Sensitivity brightness curve with high level of sensitizing fie ld. 

and it is interes ting to note that this curve proves the fallacy of 
many statements concerning the relative response characteristics 
of photographic materials and the human eye. The eye is fre
quently stated to operate over an enormous range of brightnesses, 
such as 1 to 100,000,000, while the photographic plate has a 
relatively restricted exposure latitude, of the order of JOOO or 
possibly 2000. The impression given by such a statement is 
misleading, because curve A in Figure 269 shows that the ability 
of t he eye to discriminate between brightness differences in a 
particular visual field is relatively restricted. For instance, the 
sensitivity of the eye to brightness d ifferences has a low value 
at log B = 0.8. From th is, it rises and passes through a maxi
mum at log B = 2.0 and then decreases. Unfor tunately, the 
experimental determi nat ions have not been carried into a very 
high brightness region, but an extrapolation of the curve indi
cates that it does not extend far beyond log B = 3.0. T he 
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range is therefore 2.2 in log u nits, corresponding to a brightness 
scale of 160. This is less than the exposure latitude of a high
qual ity negative material. 

In F igure 270 are shown a pair of curve~"; analogous to those 
shown in Figure 269, but they apply to a sensitizing fie ld bright
ness, Bh of 10 foot-lamberts. Unfortunately, the curves in t hese 
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Fw. 270. Sensitivity brightness curve with low level of sensitizing field. 

two figures are not exact ly comparable since t hey are derived 
from observations by two different groups of observers, but they 
serve to illustrate a point of in terest. If the value of the sensi
tizing field is decreased suffi ciently, the contrast sensitivity must 
also decrea.<;e, as indicated by the general law, Figure 266. If 
the data embodied in the curves in Figure 270 are accepted at 
their face value, it will be evident that at this adaptation level, 
10 foot- lamUerts, t he sensitivi ty to hrightness differences is lower 
than in the case of B 1 = 93 foo t-lamberts (Figure 269). T he 
graphic integration constant is the same in the response curve 
in Figure 260, and t he number of just not iceable di fferences can 
again be determined by di viding the ordinate numhers by 0.44. 
In t his case, therefore, the number of just noticeahle steps be
tween suhjective black and t he sensitizing field brightness is 54 
compared with 68 fo r the higher level. 
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T he propriety of adopting the just noticeable difference as a 
measuring unit for sensation has been discussed at length, but 
no definite decision has been reached. Troland 24 points out that 
in attempts to measure sensory differences any arbitrary difference 
might be selected as a suitable sensation uni t . It is then neces
sary to find a method of determi ning when two such arbitrary 
differences are equal. The most lo~ica l suggestion is that the 
two differences should appear equal, but this criterion is difficult 
to apply. Troland states : 

"With these considerations in mind, we may fee l well justified 
in choosing, as our unit in psychical measurement, that degree of 
difference between the elementary qualities in any scale or series 
wh ich can be most readily established and reproduced . The quan
tity which fulfills this requirement appears to be what is called the 
differential threshold or the 'just noticeable difference ' (j.n.d.). This 
is the minimum difference detectable in any region of a given series 
of qualit ies." 

From a consideration of the specific contrast sensitivity data 
illustrated in Figures 269 and 270, it is evident that the available 
in formation is inadequate for satisfactory treatment of the sub
jective aspects of tone reproduction. Aside from the values 
published by Lowry, there is little information in the literature. 
Abribat 19 studied t he problem in considerable detail. He fol
lowed the general method of Lowry, but his test field was very 
much more complicated. Instead of the eye seeing a simple 
two-part photometric field in the center of the sensitizing field, 
it il"l confronted with a rather complex test object comprising a 
large number of different brightnesses and contrasts. Abribat 
argues, and perhaps correctly, that the data should he obtained 
under conditions approximating as closely as possible t hose oc
cu rri ng in practice. He published specific contrast functions for 
sensitizing field brightnesses of 0.00047, 11 7, 58, and 117 foot
lamberts. As in Lowry's work, no information is given for 
higher sensitizing field brightnesses. In exterior scenes, average 
brightnesses may mach 5000 or even 10,000 foot-lambert.s. Fur
ther data are therefore needed in this field. Abribat applied his 
results to the prediction of tone-reproduction results using dia
grams similar to those presented here. 
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The application of the specific contrast sensitivity data illus
t rated in Figures 269 and 270 is given in Figure 271 for a pa rt icu
lar case. On t he abscissa is a logarithmic scale on which the 
object brightness of a hypotheti~al sc!cne having an average 
brightness of 400 foot-lambcrts may be located. On the avew ge, 

100 

' ' 
AVG. BQ"'-400 I I 

80 ' I ' ' 
:;;>' 

i/ ~ 
._:j6 
~ I ~ . 
3 I ~ -40 
I I ~ 

z I 

... ~-~ (1 j 
0 0.6 I.Z 1.6 . 0 Z.4 2 . 3. 3 .6 

LOG 80 

FlO. 27L Application of the response curve to a definite brightness scale. 

the maximum brightness is approximately four times the averngc 
brightnes.'l, while the brightness scale of an average scene is IGO 
(log BS., = 2.20). The minimum brightness of this scene, there
fore, fa lls at log B o = 1.0, and the maximum brightness, at 
log B ., = 3.2. The visual response curve for an average field 
brightness of 400 foot-lamberts is drawn as indicated. This is 
extrapolated from Lowry's data and is placed on the log B., axis 
so that the curve starts from log B., = 0.0, which is t he bright
ness of subjective black as determined for t hese conditions. If 
a series of point-'3 arc selected on the log B., scale, perpendiculars 
are drawn to cut the visual response curve, and horizontal lines 
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through the points thus located are drawn to cu t t he brilliance 
sca le at the left, the spacing of the poin ts thus determined will 
indicate the magnitude of the brilliance intervals corresponding 
to a fixed tJ.B o; namely, tJ. log B o = 0.20. It is seen that a 
considerable port ion of the brightness scale is covered by the 

tOO 

A'IG. S p "'3.16 / 80 I 
I I ' ..; ' 

!};60 ' I I 
I 

"' I 
~ 

/i 
~ 

34o 
iii 
I 
~ 

20 

(( i 
S.B. 

2.2 2.6 Io ... 1.8 .2 0.6 t.O 1.4 

LOG Bmr 

F1G. 272. Application of the response curve to a photographic reproduction. 

straight-line portion of the response curve, and in this region a 
fixed logarithmic increment in B o produces a constant increment 
in brilliance . In the region of low object brightness, however, 
the curve is not straight, and the relative brilliance intervals arc 
therefore less than those occurring in the higher brightness range. 
Thus, there is a compression of shadow detail due to the visual 
characteristic. 

The same procedure can be applied to the determination of 
the brilliance response whe n viewing the photographic reproduc
t ion, and this is illustrated in Figure 272. The sample print is 
assumed to have a minimum brightness of 0.25 foot-lambert 
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and n. maximum brightness of 10 foot-lamberts and to be viewed 
wi th an illumination of 1:2 foot-lumberts, whieh corresponds 
app1·oximatcly to artificial illumination in an average home. 
The manner of dntwing Ute response curve is similar to tha t 
used for Figure 271. Under t.besc comlitions, suhjeet.ive bla,ek 
falls at log 13 = ~ 2.2, which is considerably below the minimum 
brightness of this print under these conditions. On the relati ve 
brilliance scale at the left is seen the rendition of points equally 
!'paced on the lo11: B,.,. scale, and the com;idcrable and differential 
compression will be evident. A comparison of the grouping of 
poin ts on the brill iance scale in Figure 27 J with those in Figure 
272 gives a direct measure of the simi larity between the brilliance 
characteristics of t he scene as viewed by the observer and those 
of the print as viewed under arWicial illumination. 

This comparison is most conveniently made by using a, tone
reproduction diagram such as that in Figure 273. In quadrant 
III is the usual objective tone-reproduction cu rve taken from the 
upper right-hand quadran t of the objective tone-reproduction 
diagram shown in Figure 24:t On the line NM is established a 
seale of log; B 0 • On this scale are located points corresponding 
to various object brightnesses. .A scene having a brightness 
scale of lGO is assumed, t he average brigh tness being 400 foot
lamberts and the maximum brightness four times the average ; 
that is, 1000 foot-lambcrts. The log BSo value is 2.2 bet,veen 
points a and l. On the line NP is established a scale of objective 
reproduction brightnesses. The letters a, b, c, to l, inclusive, 
indicate t he brightness values in the objective reproduction of 
the reproduct ion areas corresponding to the similarly lettered 
areas of the object as shown on the log Bo scale. The object ive 
reproduction has a maximum brightness of I 0 foot-lamberts 
and a minimum of 0.25, giving a brightness scale of 40. This 
represents an average condition for a paper print viewed 
under illumina t ion conditions frequently found in interiors at 
night. The reproduct.ion curve, A, is of the form previously 
discussed. 

To construct the subjective reproduction curve for convenient 
comparison with the objective reproduction curve, t he sca le of 
log Bo values must be transferred to the line .~fO; and this is 
done by rotation as indicated by the dotted circu lar segments 
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having a common center at the point !If. The chosen object 
a reas arc represented by a, b, c, to l on this new scale. Similarly, 
the log B ..,, scale is transferred to the line OP as indicated by 
the circular segments having a common center at the point P. 
The object areas arc now represented by the leLters a, b, c, to l, 
inclusive. I n quadrant IV is p lotted the speci fic brightness eon-

Fw. 273. Tone-reproduction di:1gram inYolving the subjccth·c phase. 

trast curve for the eye determined for an average field brightness 
of 400 foot-lamberts. This curve must slart at subjective black, 
indicated by the point Y, having a log Bo value of 0.00. On the 
line OQ is established a brilliance sca le, and the shape of curve B 
in quadrant IV is adjusted so that the brilliance values indicated 
represent the number of just noticeable brightness differences 
between subjective black and a particular point. Horizontals 
through the points a, b, c, to l, inclusive, on the OM axis intersect 
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the curve B, and from these intersection points verticals estab
lish t he corresponding brilliance values on the scale OQ. 

In a similar manner, the specific cont rast function determined 
for an average field brightness of 3 foot-lamberts is plotted in 
quadran t II as curve C. Here, again , the curve must start from 
0 brilliance at the brightness corresponding to subjective black, 
as indicated by the point x, which has a log B..,, value of - 2.20. 
Ver ticals through the points a, b, c, to l, inclusive, on the OP 
axis intersect the curve C, and from these points the intersection 
horizontals establish on the brilliance scale on the axis OS t he 
brilliance values of the subjective reproduction corresponding to 
the original chosen: object-brightness values indicated on the axis 
M N. Horizontals through these points, intersecting the verti
cals through the points established on the OQ axis, determine the 
final subjective reproduction curve, D, in the quadrant I. 

In the particular example chosen, the subjective fa ctors pro
duce relatively li ttle distortion in the shape of the final subjecti ve 
reproduction curve compared with the objective reproduction 
curve, A. While there is a definite compression of shadow detail 
when the observer looks at the original (as compared with fixed 
increments in tJ.B,) , some compression of shadow detail occurs 
when the observer views t he objective reproduction, and these 
two practically balance each other. This anal ysis indicates that 
subjective factors become important only when the brightness 
levels in the object and those in the reproduction differ from 
each other much more than in the case represented in Figure 
273. Considering the illumination conditions under which pho
tographic reproductions are viewed, it seems u nlikely that in 
photographic reproductions of relatively bright scenes, subjective 
factors produce much distortion in appearance. In an extreme 
case, however, such as a photographic reproduction of a moon
light scene, in which the illumination is about 0.025 foot-candle, 
while the posit ive is viewed under normal illumination levels, 
these subjective factors may become of considerable importance. 
Under such conditions, the objective reproduction can be dis
torted so that its appearance is similar to the original viewed 
under specified illumination conditions. 

Since the specific visual response curves, C and D, shown in 
Figure 273 are plotted in terms of the fundamental sensation 
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unit (just not iceable difference), the following conclusion may 
be drawn as to the appearance of this hypothetical scene and its 
photographic reproduction : The lo,vest brightness in the scene, 
indicated by point a, is only three steps above subjective black, 
while the maximum brightness, point l, is 93 sensation units 
above subjective black, giving a brilliance scale of 90 j.n.d's. 
On the other hand, the lowest brightness in the photographic 
reproduction is four steps above subjective black, while the high
est brightne.•.;s is n, giving a bri!lia.nce scale for the reproduction 
of 69 j.n.d's. The average slope of the subjective reproduct ion 
is the ratio of 69 to 90, or 0. 76. 

It is a lso possible to obtain some idea as to the brightness 
values in scene and reproduct ion which will produce the same 
brilliance values for the two accommodation levels illustrated in 
Figure 273. For instance, the object area, /, has a brightness 
of 100 foot-lamberts, which produces a brilliance of approxi
mately 25 j.n.d 's. above subjective black. The same brilliance 
value will be obtained if the photographic reproduction is viewed 
by a brightness lying between points y and fat a log Bmr value 
of 0.24, corresponding to an objective reproduction brightness of 
1.74 foot-lambcrts. 

Thus far, it has been assumed that the average visual field 
brightness determines the sensitivity of the eye to brightness 
differences and also the brightness of subjective black. Some 
unpublished data obtained by Lowry indicate that this assump
tion is not strictly correct . A small portable visual sensitometer 
suitable for the measurement of the brightness of subjective 
bla.ck was constructed, and determinations of the brightness of 
subjective black were made by placing this instrument at various 
points of outdoor scenes. The results for a particular case may 
be of interest. 

The integrated brightness of the scene was 1000 foot-lamberts; 
the maximum brightness, 3500 foot-lamberts; and the minimum, 
15 foot-lambcrts. On the assumption that the average field 
bl'ightness determines the brightness of subject ive black, this 
value should be 25 foot-lambert.s irreHpective of the point in the 
:-;cene to which the observer's attention is directed. However, 
it was found that if the observer's attention were fixed for a few 
minutes on the region of lowest brightness, the brightness of 
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subjective bla<:k was actua lly 7 foot-lambcrts, nppreeinbly less 
than that indicat.cd hy the average field brightness v:tlue. On 
the other ha nd, if the visuul sensitometer were moved into the 
region of highest brightness, the bl'igbt11eSS of suhje<:Live black 
was approximately 28 foot..-lamLerts, only slightly grea ter than 
the value corresponding to the avemge field brightness. Thus, 
in this pa.rtieu lar scene, the value of subjeetive black changed 
from 7 to 28 foot-!ambcrts, depending upon the part of the scene 
on whieh the observer's attention was fixed. 

These results indieate t ha t a visual response curve, such as 
that shown in Figure 27:~, is not strictly applicable to the tone
reproduetion problem for a scene in which the brightness va ries 
over a. considerable range from one area to another. I t is obvi
ous, however, t hat the avenlge field brightness docs exer t a 
marked st:.tbilizing influcnee upon the sensitivity of the eye. 
Otherwise, the brightness of suLjective black, when attent ion 
was fixed on t he lowest brip;htnes.':l in the scene mentioned a bove, 
15 foot-lamber t.s, would have been 0.2 foot-lambert instead of 
7.0. The specific contrast ~;cnsitivity curve, beginning at a 
subjective-black value of 7 foot-lambert~;, is very similar in shape 
to that for a subjective-black value of 28 foot-lamberts but 
displaced s lig:hl.ly in position. A composite cu rve can be con
structed from these two which will probably fit well the actual 
requirement<; of a response curve for use in the solution of tone
reproduction problems. 

It should be cmpha.-;izcd thnt the specific visual response curves 
used in Figure 273 are derived from a relatively few read ings hy 
one individual. Bcfote the subjective phase of this p1·oblem can 
be dealt wit h with greater ecrtainty, a large mass of data must 
be accumulated from a larg;c group of observers so that the 
average may be taken as representative of t he average normal 
human eye. .Moreover, t here is a little uncertainty in curve B 
because it was exl rapclat.ed from readings made at considerably 
lower bright ne..<;.s levels. 

THE QUALITY OF PRINTS 

In his work on the dctcrminntion of speeds of the negat ive 
materials in terms of print quali ty (Chapter XI X, p. 716) , 
J ones 27 studied t he Hpecifieation for the qualiLy of prints, using 
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both statistical and sensitometric methods. For the statistical 
method, a print was made from each of twelve negatives on the 
same material, for which the negative exposures had been in
creased progressively from the first to the last in the series . 
Each print is the best t hat could be made from its negative on 
any of the ava ilable con trast grades of printing paper. Four 
negati ve materials were studied in this manner. 

As the first step in the application of t he statistical method, 
the observer was in.structed to a rrange the prints in each group 
in the order of a.scending quality, from left to right. The posi
tions are indicated a rb itrari ly by numbers fr·om 1 to 12, 1 being 
assigned to the worst quality and 12 to the best. This judgment 
was made by th irty observers, twenty of whom made a second 
series of judgments after a sufficient lapse of t ime to avoid an 
accurate memory of their first judgments. 

TABLE LXXX 

lLLusTRATto:-1 m · METHoo oF EvAJ,UATI NG Rt:I,ATIYE Q uALITY J u oGMENTS 

Smrefor Print No . 12 S(;orc jorPriutNo. II 

No. of No. of 
Times Po8ilio11 J>aini8 Time8 Position Paini8 

8 12 '" ' 12 108 
13 II 143 13 II 143 
12 10 120 3 10 30 
13 ' 117 7 9 63 
2 8 16 17 8 136 
2 7 14 1 7 7 

Tntnl ,r:,o 500 Total 50 487 

Fifty judgments having been obta ined on each of the four sets 
of prints, severa l metlrods were ava ilable for combin ing the vn.l ues 
to give numbers indicative of relative quali ty . According to 
that adopted, if a given print were placed in position 12, a score 
of 12 points should be credited to that p rint, while if it were 
p laced in position 8, a score of 8 points should be assigned. The 
scoring is illustrated in Table LXXX for prints No. 12 and No. 
11 made on material C. The multipli cation of the numbers in 
columns one and two gives those in the lust colum n, and the 
total of the numbers in the last column is the score for each 
print ; 500 for No. 12 and 487 for No. 11. 
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A summary of the score of the prints made from material C 
is shown in Table LXXXI. In the line designated as" Actua l" 
are the total scores for each print. In the line below designated 
as "Normal" are the results that would have been obtained if 
the prints had been placed according to negative number. The 
first four prints received what may be called "normal scores," 
indicating that all observers agreed that quality increased with 
negative exposure. Print No. 5 obtained a score slightly above 

TABl,E J_,XXXI 

SU){II!ARY OF THE ScORE OF TilE PtU:-oT6 MADE FROlol MATERIAL C 

Print No. 
I 2 s 4 5 ' 7 8 9 10 II I£ 

Actual 5() 100 150 200 272 305 303 419 481 477 487 .500 
Normal 5() 100 15() 200 250 300 3;,0 400 4!">0 500 550 600 
Adjusted 10 21 31 41 56 63 81 98 99 98 100 H}l 

its normal value. The same is true of prints Nos. 6, 7, 8, 9, 
and 10, while 11 and 12 obtained scores below the normal value. 
The fact that the scores for prints 8 to 12, inclusive, are so nearly 
equal indicates that there is very li ttle difference in the quali ty 
of the prints in this group according to the judgment of the 
group of observers. The differences of quality, in fact, arc so 
small that the positions of the prints within the group are almost 
those of probability, which would, of course, result in identical 
scores for all prints. Adjusted values of rel ative print quality, 
shown in the last line of the table, were obtained by assuming 
the average score of prints 8 to 12, inclusive, to be 100 and 
adjusting all of the actual scores proportionately. 

The adjusted values are shown graphically in Figure 274. 
The small circles represent the plotted values, and the solid" curve 
is drawn in its most probable position. 

This scale of relative quality has neither absolute significance 
nor is it necessarily linear with reproduction quality. The fact 
that a straight line is obtained for the first four prints must not 
be interpreted to mean that the difference in reproduction quali ty 
between prints 1 and 2 is the same as that between 2 and 3 or 
3 and 4. The line is straight simply because consecutive num
bers were assigned to t he positions of the prints in order of 
reproduction quality. It is possible to obtain direct experiential 
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judgment of the magnitude of quality differences between adja
cent prints. Such judgments, however, are made with difficulty, 
especially by observers unskilled in this type of psychophysical 
observation. However, some data of this type have been accu-
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FIG. 274. llebtion of print quality to negati\'e exposure. 

mulated, but many more observations arc needed to establish 
the shape of the reproduction quality-negative exposure curve 
with certainty. 

The determination of the relation bet\veen print quality and 
negative exposure by the statistical method, as described above, 
is a long and laborious process, and a means whereby the "qual
ity" of a print may be computed from direct sensitometric 
measurements is desirable. An empirical formula for print qual
ity can be based upon assumptions which seem reasonable in the 
light of tone-reproduction theory. These assumptions are that 
the satisfactory reproduction of brightness differences has a most 
significant bearing on the resultant print quality and that it 
should be possible to evaluate print quality largely in terms of 
the gradient errors found in the reproduction. 

For the characteristic curve of a negative material , for in
stance, that in Figure 243, the density gradient, or slope Gn, at 
any point on the curve is given by 

G ~ ___j!!__ . 
" dlogH. 

Like,vise, the 1ensity gradient, Gv, for the positive material is 
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given by 

G-~ 
P - d log /,_'~' 

while the density gradient for the reproduction curve is given by 

G _ d log B.,. 
r- lllogB., 

These three quantities fo r corresponding points, such as b,, 
·bv, and br, are related by the expression 

The gradient in the reproduction is equal to t he product of the 
corresponding gradients of the negative and positive character
istics. If G. is plotted against log B.,, the cur ve is of the type 
shown in Figures 275 and 276. These show the grad ient error 

Fro. 275. Gr:1.dient error curve for F 1G. 276. C:rndicnt error curve for 
print from _negative No. 4. print from negative No. 8. 

cu rves for the best p ri nts from negatives No. 4 and No. 8 of 
the experimenta l group. Perfect reproduction would Le repre
sented by the horizontal li ne shown at a gradient va lue of 1.0. 
In general, the gradient in the shadow region is too low (less t lwn 
uni ty); while through a middle-tone region it is too h i~h (grcfllcr 
than unity), dccrcasin!l; to a value less than unity in the hi~h light 

region. The gradient error, t::.G, for any point a on the object-
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brightness scale may be represented by 1 - G, . From a dctermi· 
• nat ion of t he total area of the shaded regions (Figures 275 and 

27G) and its division by the loga rithm of the object-brightness 
scale, log BSo, the average gradient error AG may be determined. 

It seems reasonable as a fi rst approximation to assume that if 
the gradient errors are large, the reproduct io n quality will be 
low; while if they are relatively smdl, the quality will be hi~-'!;h; 

in other words, that the reproduction qua li ty is related in some 
inverse manner to the magnitude of the gradient erro1·s. Assum
ing th is reasoning to be correct, it may be stated, at least as a 
first approximation, t hat 

Q " 1 -tiC. 

From a study of the gradient curves for a large number of 
reproduction curves and the corresponding grad ient error evalua
t ions, it is apparent that the average gradient errors may be 
equal in man y cases where, obviously, there are large differences 
in photo11:raphic quality. It seems almost certain that t he dele
terious effect of a given average gradient error depends greatly 
upon the distribution of the 1-'!;radient errors t hroughout t he tonal 
scale; and from a qualitative examination it appears that for 
gradient errors of a given magnitude, the best reprod uction 
quality is obtained fmm an approximately equal distribution 
of these errors in the shadow and highlight regions. Aiore
over, even for equal distribution in high light and shadow 
regions, the best photographic quality seems to be obtained if 
the negative and positive gradient errors are approximately 
equally ba lanced. 

Prel iminary trials of the expression shown above made it clear 
that corrective coefficients should be applied to include the 
balance of gradient errors between highlight and shadow regions 
and between negative and positive values. Two corrective co
efficients, k 1 and /,:2, were therefore formu lated, k 1 being the 
corrective coefficient for the shadow versus highlight ba lance of 
gmdient errors and k2 for the balance of the gradient errors 
beh~'een positive and negative values. These corrective coeffi
cients may be expla ined by reference to Figure 277, in which a 
typical gradient curve is shown. The integrated areas of the 
shaded portions are designated by the letters A, B, C, and D. 
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The two coefficients are defined as follows: 

k _ 1 (B + C) - (A + D) 
1 - - logBSo ' 

k _ 1 (A + B) - (C + D) 
" 2 - - logES., . 

In practice, t he value of these corrective factors can be deter
mined very conveniently by mechanical integration from the 
original graph sheets. In each case , the final value can be 

determined by a single opera
tion by proper manipulation 
of a planimeter. With these 
corrective coefficients, the ex
pression for quality becomes 

When quali ty values were 
computed by this expression 
for t he four series of repro
ductions used in this work, it 
became apparent that while 
agreement between observed 

Fw. 277. Typical gradient error and computed values was 
fairly close, there was still 
an undue lack of agreement, 

particularly in the reproduction of medium quality . This situa-
tion may be seen from Table LXXX II. In the second column 
are shown the values of 1 - tJJ for each of the t\velve prints 
made on negative material C. These sta rt from a relatively low 
value and increase progressively to an approximately constant 
value for the last six prints in the group. It is obvious that 
these val ues are not satisfactory· indices of reproduction quality . 
Reproduction No. 3, for instance, for which 1 - W is 0.54, is 
of extremely poor quality, while fo r reproductions from 8 to 12, 

inclusive, which are of excellent quality, t he values of 1 - tJJ 
arc approximately 0. 70. In the third and four th columns of the 
table are shown the values of the corrective factors , k 1 and k2, 

as previously defined, and in the column Z 1 are shown the values 
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obtained by application of these corrective coefficients to 1 - t:JJ. 
In the column Oo are the values obtained by the direct judgment 
of print quality. These are adjusted so that the average of the 
prints 8 to 12, inclusive, is 100. For the convenient comparison 
of the values of computed quality with those of observed quality, 
values of Z 1 have also been adjusted, so that the average for 
prints 8 to 12, inclusive, is 100, as shown in column z2. It is 

TABLE LXXXII 

V .u.uES OF QuALITY CoMPUTE!) FR01d C n ARACTERISTTCS OF TilE REPIWDUCTI0:-1 

CURVE ~~;OATIVE 1\lATEHIAL c 

No. 1-;w k, k, z, z, Q, ko z, z. 
I 0.18 0.18 0.65 0.03 5 10 0.17 I I 
2 .33 .33 .48 .05 8 21 .35 3 3 
3 .54 .56 .30 .09 14 31 .53 8 8 
4 .53 .66 .52 .1 8 27 41 .64 17 18 
5 .62 .85 .95 .48 73 56 .80 58 61 
6 .63 .\16 .\16 .53 80 63 .83 64 68 
7 .85 .86 .09 .72 109 8 1 .78 85 89 
8 .74 .w .94 .68 103 98 .00 w 104 
9 .GO .09 .94 .64 " w .91 89 93 

10 .68 .94 .86 .55 84 98 .07 82 " II .76 .99 .99 .74 112 100 .92 103 108 
12 .77 .93 .92 .69 104 104 .97 101 100 

Avcmge of bc~t five .00 100 100 ... 100 

seen that t he agreement between computed and observed quality 
is much better than if computed quality were based on 1 - W 
without t he corrective coefficients, which compensate for the un
balance of gradient errors between negative and positive values 
and between the highlight and shadow regions. 

However, t he agreement between observed a nd computed 
quality (Qo and Z2) is still not very satisfactory. The disagree
ment is greatest in the region of medium negative exposure. 
The computed va lues, for instance, for prints 5, 6, and 7 are 
considerab ly greater than those from direct observation. An 
addit iona l factor seems necessary, t herefore, to overcome this 
disagreement. Again , it is logical to find this in an aspect of the 
gradient of t he reproduction curve, such as the density scale of 
the reproduction, DS,, which can be measured directly. 

The computeQ. quality value, Z2, of reproduction No. 7 is lO!J, 
which is sl ightly above t he average of the five excellent prin ts, 
8 to 12; but, according to the direct observational data, this 



826 THE TH EORY OF THE PHOTOGRAPHIC PROCESS 

reproduction is appreciably lower in quali ty than the average of 
the five excellent prints. The average gradient error for print 
No. 7 is very low; and the dist ri bution of t he errors was well 
balanced, which accounts for the high v:1 lue of computed quali ty . 
Table LXXXIII shows that the average gradient of t his rep ro-

. duction is only 0.82 compared with an average of J .01 for the 
fi ve excellent reproduct ions. Moreover, t he density scale of 

TABLF, LXXXIII 

CO.'.IPAIW!O:S 01' f'mll'UTF.IJ AN IJ 0R~~;nVEU Q UA I .ITY V AJ.U l:S WITH V AIIIOUS 

l:iP~:ClF I C l:iE:-.'!::I I 'fO~U:T I\lC C'HA I\A ("f l:I\I !::IT ICS OF Till: ilEI' I\ODU(TIO:S 

P uOTOGHAI'lllC i\'I An:utA t. C 

Quality HeproJudiun('/mmdrri.~ti<·s 

N(,. z, Q. z. o. u~ G,,., G, DS, 

' 10 I 0.0 0 .74 0.73 O. IS 0.2S 
8 21 3 .0 .02 .00 25 .38 

14 31 s .00 .[,)\ ].(){) • .'i."i .S4 
27 "' IS .00 .GS 1.35 .f~ 1.0-t 

' 73 Oil 6 1 .00 .40 1.55 .&; 1.31' 
6 so 63 6S .10 ·" 1.33 .92 1.-10 
7 109 8 1 89 .46 .46 1.02 .>2 1.26 
8 103 9S 104 .49 .30 IA3 1.02 t .t;;; 
9 97 91) 03 .r.o .35 lAS .96 1.47 

10 84 OS 89 .51 .45 1.57 1.05 1.00 
II 112 100 108 .61 .44 1.29 .98 1.49 
12 104 101 100 .64 .55 1.48 1.03 1.5S 

Ao. 100 100 100 1.01 1.5-t 

reproduction No. 7 is only 1.26, while t he average densit.y scale 
of the five excellent reproductions is 1.54. I t appears necessa ry , 
t herefore, for a reproduction to be adjudged of good quali ty by 
the direct experient ia l c.':l timate, that the ave rage reproduction 
grad ien t (for th is particular object, at least) should be of t he 
order of 1.0, or that t he density sca le should approach more 
closely the loga rithmic brightness scale of the object, or both. 
A th ird corrective coetricicnt, based upon average gradient and 
density scale of t he reproduction, is, t herefore, desirable. If the 
con t ribution of density scale to high reproduc tion qualit,y is 
considered first, it seems logical that t he percentage of the unuBed 
density sca le of t he posit ive materia l constitutes a n index of the 
loss in repr-oduction quality. This leads to a formulation of a 
corrective factor as follows : 
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This reduces to 

Thus, this corrective coefficient contains empiric::dly both aver
age gradient auJ density-scale factors. 

The v<tlues of k3 are shown in the eighth column of Table 
LXXXII, and in eolumn Z a are the corrected values of print 
qua lity. The numbers are again so adjusted that the average 
of the reproductions 8 to 12, inclusive, is 100, and the final 
values, in column Z4, can be compared with those in column Qd. 
It is seen tha t the agreement between observed and computed 
vnlues is fairly satisfactory. 

This method of computing print quality is necessarily open 
to question, based, a.s it is, upon a simple hypothC!:iiS qualified 
by ~~ series of three empirical cot rections. Nevertheless, t he 
problem is a.n important one and this attack upon it hat:~ real 
value. 

ln the application of the theory of tone rcpmduction to the 
practice of photography, some physical characteristic of a nega
t ive is required as a criterion of the exposure required to print it. 
Such a chara.cterislic is difficult to choose from theoretical con
sidcralions. BCCILUse of the limitations of the positive Illtlterial, 
theories rclat.ing negative <~haract.eristie:s with prinling exposure 
and grade of paper must be founded on nn assumption that a 
defi r1 ite tonal region- highlight , middle tone, or slm.dow- of t he 
original object is worthy of the most accurate lone reproduction. 
Being: deperuJent upon tho accepted hypothesis, theories may 
require neg:lt ive measurements in any of these regions. Tuttlcu 
studied t he prohlcm sf.ati:st.ically, HI-ling large groups of amateur 
negatives developed as uniformly :u; po.o;.-;iblc. These ncJ!;ativcs 
were printed upon papers of t l11·cc different cont.ra.-;t grades, the 
exposures of the prints from each negative being varied in steps 
corresponding to 0.15log g units. A number of skilled observers 
selected (1) t he best p rinting exposure for each grade of paper 
for eaeh negative; (2) the best print from each neg~ttive on the 
best grade of paper. Three possible physical criteria for deter
mining the printing exposure were studied hy the same method. 
These were the maximum density, the minimum density, and 
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the total density (the log10 reciprocal of the total transmission of 
the picture area). The correlation between these values and 
the exposure selected as best by the statistical method was then 
established for the whole group of negatives. In }"'igurc 278 :tre 
given curves of the relation between the errors in the exposure .• ,, . ~30 
~ I D-Til7"'- l 

~20 

l tt: == : -+-

1·~~~.~.-~~~.~-~ .. ~,~,.~~~M~.~.~-.~,~ •• ~ •• ~,~ .. ~ .. ~.~.~ .. ~- ~~~~~~~~~=~~~~:~~~:~ .. "" 
l•'tG. 278. Relation between the frequency and the size of errors 

in CXpOJSUrC of prints. 

by the use of t he physical criterion and the frequency with which 
they occur. These curves show that the total density is the best 
criterion for print ing exposure, the minimum density is second 
best, while the maximum-density measurement is almost value
less. Recent work suggests that the minimum density is a 
somewhat more valuable printing criterion than would be ex
pected from the results given in Figure 278. 

In practice, there is a certain tolerance in printing exposure. 
This varies appreciably with the subject and was determined by 
Tuttle by a statistical method similar to that used for deter
mining the best exposure. In Figure 279, the exposure toler
ances on a logE basis are shown for a number of negatives 
plotted against their total negative density. The length of the 
line shows the extent of the tolerance, the numbers being used 
merely to identify the negative. The diagonal line represents 
t he exposure which would be given to the print, the total density 
of the negative being used as the criterion. Where the tolerance 
lines intersect the diagonal, the exposure calculated from the 
total density will give a print satisfactory to the inspector~; in 
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other cases, a reprint, must be made with a revised exposure. 
The conclusion from these results was t hat the use of the total 
density as a criterion gave 04 per cent satisfactory exposures . 
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FIG. 279. Relation between total densities of negat ives und 
their exposure tolerances. 

An automatic printer based upon these conclusions is satisfactory 
in practice, the number of reprints necessary being less than for 
nou:.wtomatic instruments operated by expert printers. 
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CHAPTER XXI 

THE PHYSICS OF THE DEVELOPED IMAGE 

If a very thin layer of emulsion is photographed under a high 
magnificat.ion and then developed and rephotographed in the 
same position, it will be found that the sil ver b romide grains 
have been transformed directly into grains of metnllic silver, 
occupying approximately the same positions, as shown in Figure 
280. While the developed grains shown in the photomicrograph 
occupy approximately the same positions as the ol'iginal un
developed grains, the positions are not exactly the same. 
~\1oreovcr, the silver grains themselves do not, us a rule, have 
the same shape as the silver ha lide grains from whieh they were 
formed ; t he latter arc crystals of definite shape, while the former 
are particles composed of masse~ of twisted filaments of silver. 

In a ll norma l cases, development seems to involve a more or 
less steady t ransition from silver halide to reduced silver, accom
panied by modification in the shape of the individual deposits. 

A matter of some importance in its relation to photographic 
theory is the possible transference of devclopability from an 
exposed grain to an adjacent unexposed grain. lt has generally 
been considered that the A"rain is the unit in photographic action 
and that developability is not transferred from one grain to 
another. Svedberg 1 sho,vs definitely that this was t he case for 
an emulsion in which the grains were almost spherical and of 
nearly uniform size. On the other hand, there is some eviden(:e 
that when two or more grains form u. clump, they develop as a 
unit, the reducibility of one grain being sufficient for the devel
opment of t he entire clump. This effect is reported by Trivelli, 
Highter, and Sheppard 2 to be very marked for one particular 
emulsion. The grains wet·e of a very extended range of sizes; 
:wd, in particular, a large proportion were thin polyhedral grains, 
practically flat p\at.es of diameters up to ten or twelve times 
their thickness. The variation in grain p~~ttcm clearly accounts 
for the difference in behavior; and, as ordinary emulsions run 

832 
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the gamut between these ext remes/ it is evident that the extent 
of infection varies from substantiall y zero to a considerable 
amount. 

,The form and constitution of the developed silver grains have 
been studied by many workers, but until reeently they had not 
been elucidated because the resolv ing power of the microscope 
is insufficient to emtble the structure to be seen. Scheffer 4 

FIG. 280. Developed an(! undeveloped emulsion grains. 

described the growth of filaments of silver from bromide grains 
during development; but since this phenomenon was not ob
served by other workers except in the case of very thin emulsion 
coatings, it was believed that the gelatin structure in Scheffer 's 
emul':lions was weak and probably contained fissures. Hodgson 5 

reported that, whereas Seed Graftex plates developed with pyro 
gave irregular grains of silver, an experimenta-l emulsion gave 
silver grains having the same contour as the silver bromide 
from which they were formed. Davidson 6 measured the average 
grain-size increment of silver bromide crystals in different emul
sions upon development and found that the percentage increase 
bears a linear relationship to the speed of the emulsion. He also 
noted tha.t the appearanee of the silver grains varies according 
to the developer. In particular, p-aminophenol was found to 
give spongy grains. Photomicrographs published by Wightman 
and Trivelli 7 show very clearly the Uifferenee in appearance of 
silver gra.ins produced by different developers. 'Vith a hydro
q11inone developer, the silver grains had roughly the same contour 
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as the sil ver bromide crystals from which they were produced; 
a me~ol developer gave some distortion; am idol Kave consider
able distortion ; p-phenylenediamine gave lt fluffy deposit; and a 
tenth-strength metol-h yd roquinone developer gave a very porou.-; 
deposit. * In the same artide, an aeeount is given of a motion
picture study of development, which showed that development 
often starts at several p laces on each grain. The technique of 
motion-pictme photomicrography was improved by Tuttle ami 
Trivelli ,s so that a 1.8-mm. oil-immersion objective could be used 
for photographing the developing grains . It was found t hat 
development with metol started from centers on the grain which 
vibrated continua lly during its conversion to metallic silver. 
The gmin \vas seen to throw out threadlike streamers, which 
were likewise in rapid movement. Frieser 1' has u.lso made motion 
pictures of the darkening by photochemical decomposition and 
by development of silver b1·omide crystals and observed that 
slowly acting developers eau::;e " needle-shaped masses" of silver 
to grow from the crystals. Although the silver grains produced 
b.r hydroquinone developmen t have practically the :-1ame exter
nal shape a.s the silver bromide from which they are fanned , it. is 
possib le to observe the presence of a fine Rtrueture in them by 
using a. microscope adjusted to give the maximum possible re
solving power by darkfielrl illumination. 

Somewhat greater resolution can be obtained by the use of 
ul t raviolet light. F. F. Lueast of t.he Bell Telephone Labora
tory has obtained photomicrographs of developed sil ver grains 
with the cadmium 275m~ line as a source of light and using a 
quartz monochromat objective with a numerical aperture of .1 .25. 
The resolving power of t his combination iS 110 mp., as against 
HiO m~ for the best 1·esul ts obtainable with ordinary microscopic 
equipment. One of these photomicrog;raphs is reproduced in 
Figure 281. Jt shows the appearance of a fine-gra in emulsion 
after it had been given a brief exposure to light, developed, a nd 
fixed. A fi lamentary structut·e can clearl y be seen in the grains, 
confirming, though with insuffieient resolution, the structure 
shown by the electron microscope. 

• For :•n ac<·ount of Lovchud'~ work on the form of the gr;1in~ producL"<..I by different 
develope•·~ . Mil Chapter XI. p.463. 

tl'riv!tWCUIUI!lUrlic"tivu, 
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By the use of the electron microscope, the structure of de
veloped silver has been elucidated completely (Chapter VII I, 
p. 3 ll ). The electron microscope has an effective resolving 
power of t.he order of 5 m~ and, in addition, possesses two impor
ktnt advantages over the optical microscope. The fi rst is that 

'Fw. 281. Photomicrograph hy u!tr:tviolct light of developed graim~ 
( X 3000). Courtc;;y of F . F. Lucas, DeH Telephone Lnbomtorics. 

its cone of illumination is about }4°, compared with the 121° 
cone of a 1.32 N.A. microscope objective. This means that, 
whereas the ele(:t.ron image is practica lly an orthographic pro
jeetion of t he object, the optical image is a combination of all 
the orthographic projections within a. solid eone of 121°, and all 
objects at the limit of optical resolution tend to appear spherical. 
The second advantage of the electron microscope lies in its 
considerable depth of field, which is one or two microns, or 
several hundred times the limit of resolution, whereas with t he 
optical microscope at its highest resolut ion, the depth of fiel(l is 
approximately t.he same a.s the resolving po\ver. von Ardenne 10 

has taken advantage of the considerable depth of field of the 
elcetron microscope to equip it with a 12° rotation of the object 
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holder so that ste reoscopic pairs of image~ are obtained. He 
published stereoscopic electron micrograms of developed silver 
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FIG. 282. Series of cross sections (dry) ;;howing ~;rowth 

of image with exposure. 

grains which show that the silver is a tangled mass of fibers 
having a thickness of 10 to 15 lllJ.I. C. E . Hall of the Kodak 
Research Laboratories applied an electron microscope bui lt ac-
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cording to the design used by E. F. Burton 11 to the prohlem:-: :Jf 
development., with t he resu lts described in fleta-il in Chapter 
VUJ, p. 311. From these rc-
:-m lt<;, it is seen t hat t he de-
veloped silver grain consists of 

·a spongy mass of silver fibers. >- tsf---+-+-+-+++Lt--+-1 
The degree of compression of ~~. zf-t-+-+-+--b"f-+-t-1 
the sponge naturally depends ~09f-f-t-t-f-74-+-+-H 
on the rigidity of the surround-
ing gelatin in an emulsion 
which is being developed. The 
rigidity of t he surrounding 
gelatin depends on its degree FJG.283. Char:tctcristiccurvefrom 
of swell ing and on the rate strip of which sections arc shown in 

of conversion of t he silver !l~~~~i~~;~l P;~~~~cs indicate deusities 

bromide crystals to metallic 
silver. It is not unlikely thnt with very rapid development the 
:;avollcn gelatin is actually liquefied in the vicinity of t he grains 
before the li berated heat is conducted away.* 

.%41t%4W 

4 

Fw. 284. Series of cross sections sholl'in~-: growth of imngc 
with development. 

T he distribu tion of the image in the depth of the film was 
studied by Hodgson,~ and Figure 282 from his paper shows sec-

• See Chapter VIII (or 11 di~~euMion o( the chemical reaet.ione by which thil! filnmcntnry 
structuremaybcproduced. 
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tions cut through developed images corresponding to the densities 
on the characteristic curve indicated in Figme 283. Figure 284, 
from the same paper, shows the growth of an image with devel
opment. It is seeu that the image starts to develop at the 
1mrface and penetrates downward as development is continued, 

· so that when development is complete the image is distributed 
throughout the entire depth of t he emulsion. This, however, 
depends upon the wave length of the light. With the ext reme 
ult raviolet, which is very strongly absorbed by the emulsion, 
the image is confined to the surface, while with X rays, which 
arc but slightly absorbed, the distribution depends merely upon 
the sensitivity of the grains, regardless of their depth in the 
coating. With light that is partly absorbed by the emulsion, 
the image tends to be denser at the surface in proportion to the 
absorption. 

GRANULARITY AND GRAINI NESS 

To the eye, a developed photographic image appears to be 
homogeneous; but if it is examined under a moderate magnifica,.. 
tion, the grains of silver will be seen to be welded into clumps 
and to overlap each other. Thus, when the image is viewed by 
transmitted light, agglomerations of t he grains separated by 
spaces within the emulsion arc seen, approximately six clumps 
being piled over one another. This overlapping pattern of grains 
is exhibited i:-1 Figure 285, 'vhich shows a horizontal section of 
the image layer in comparison with a vertical section through 
the &tmc film. 

The inhomogeneity of the image just dcseribed, to which the 
term granularity is applied, is significant to the practimd pho
togm.phcr because it sets n limit of magnification beyond which 
an enlargement is not pleasing. An enlargement made from 
the negative at too high a magnification gives an unpleasant 
impression of graininess.* This phenomcnOJ) may appear at a 
magni:Ica.tion of only a few diameters in the case of very fast 
emulsions-long before individual grains or even clumps can be 
distinguis!JcJ. 

• Inasmuch >Ill t!lo prQpcr mn..:ntricntion of t!1o imrv:o i~ determined hy P"111PI'cti~.., 
co~idcr:>.tions, it woul.l 00 r>rdor:,:>i2 to hbmo tho grainin~M upon tho !!election of an 
OJI<:()!I.li"cly ~:n:•ll ~~"l;, in ltlllking t!1o llClllti,·o. It mu;t ho rcmemhorod th"t t ho oorroct 
viewing dist:moo for :\ contact print is tho fO<:n.llonJ"th of the lcn3; for >Ill enlargement, i~ is 
this focal length multiJ>Iicd by the ma.gnific:~.tion introt!ucod by thoeolurgt::r. 
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The most obvious procedure for measuring graininess would 
be to make a series of enlargements at difTerent magnifications 

FIG. 285. Photomicrographs of grain deposit : Above, cross section; 
below, horizontal pbn. 

and then observe them from a fixed distance to determine the 
magnification at which graininess just disappears. Although 
this procedure or_asimilar one is occasionally followed, it is both 
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expensive and t ime-consuming becau::;e 'Y'S and densities must 
be accurately matched if t he test is to be significant. A simpli
fication would be to make a single en largement and then evaluate 
its graininess on t he basis of the blending distance, where the 
phenomenon just disappears. E ven then, however, t he inter
mediate steps represented by the intervent ion of the degree of 
enlargement into the procedu re are not eliminated, and the eval
uation is profoundly affected by t he condit ions under which the 
enlargement is made. 

One of the ea rliest and still one of the most satisfactory of 
the di rect methods is described by .Jones and Deisch. 12 Their 

FIG. 28G. Diagrnm of J oncs-Dcisch instrument for measuring gmioinc~~. 

inst rument consisted of a microscope system which projects a 
magni fied image of t he photographic deposit on a screen. The 
observer views the screen in a mirror attached to a carriage that 
runs on a t rack, and, by moving the mirror, he can vary t he 
d istance from his eye fb t he image of t he screen. T he assump
t ion is made that t he graininess of a given ma terial is propor
t ional to the blending distance, provided that all t he factors 
upon which depends the ability of t he eye to distinguish lac k of 
homogCneity arc constant . It is evident t hat measuring the 
blending distance fot· an image of constant magnificat ion is 
equi valent t.o measuring the magnificat ion for a predetermined 
\Jlend ing distance. 

A diagram of t he essent ial par ts of t he instrument constructed 
hy .J oncR and Deisch i~ ~hown in Figure 286. Light from H 

ribbon-fil ament lamp, sl , passes t hrough the substage conden::;er , 
C1, and the photographic material, 0, placed on the stage. T he 
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microscope, K, projects a magnified image on the magnei:'ium 
carbonate screen, Sc. The observer, by placing his eye at the 
artificia l pupil, E, sees the image of the ::~crcen reflected in t.hc 
mirn>l', M . This mirror runs along the track, 1', a.nd is coH
t roUed in orientation by the template, L, which mnintnin1'J the 
mirror in such :L position tba.t the screen is always visible to t.hc 
observer. The carriage for the mirror is driven forward and 
backward by means of the tape, B, whieh is provided with a 
scale indicating the distance of the mirror from the observer. 
From the reading of the scale, the total distance between the 
eye of the observer and the image of the screen seen in the mirror 
can be calculated. In the instrument described, the trn.ck was 
of sufficient length to permit this distance to be varied from 
two feet to more than sixteen feet. The Lummcr-Brodhun cube 
P was introduced to send a second beam into one half of the 
field for comparison. 

Assuming the visual acuity of the eye of l.he observer to remain 
constant, the procedure would be to place the photographic 
materia l on t he stage of t he microscope and move the mirror 
out ~Slowly until t.he screen appeared to blend into a smooth 
area. The scale would then be read at the point where t he 
sensation of graininess vanished. The optical distance from the 
eye t,o the screen for this position would then be a direct mcasme 
of the graininess of t he material. Thus, it could be said t-hat a 
material with a blending distance of six feet was twice as grniny 
as one with a blending distance of only three feet. 

It is well known, howeve1·, that visual acuity depends upon a 
number of factors, t he principal ones being the adaptation level 
of the eye, the cont rast and color of the field of view, the general 
physiological condit ion of the observer, and such other uncertain 
condit ions as fatigue and pract ice. l\loreover, visual acuity is 
eontinua lly changiug. To eliminate the effect of such changes on 
the graininess measurements, the following scheme was adopted : 
In computing t he graininess of a given photographic material, 
its blending distance was divided by the corresponding distance 
determined for an engraver's half-tone screen. This ratio of the 
t wo dista.nces was taken as a numerical measure of the grainincii~ 

of the photographic materia l. The same half-tone screen was 
used t.hroughout, and in this way the ratio of the two blending 
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distnnccs wa!i found to remain constant, although both d istances 
might vary considerably from day to day. It was even found 
pos!:>iblc for t wo observers to agree on the graininess of a photo
graphic material when the blending distance according t o one 
observer was very different from that determined by the other. 

The greatest uncerta.inty in graininess measurements arises 
fmm the circumstance that the grain distribution is random and 
hence nonuniform. " ' hen the pattern is uniform, as in the case 

.of a half-tone screen, the blending distance is quite definite; in 
the case of a photographic deposit, the t ransit ion is more gradual 
and, indeed, close observation will detect two states. In the 
words of Jones and Deiseh : 

"With t he mirror clo.'le to the eye, the primary aggregates arc 
cnsily rcsoh'ed. As the min·or i:. driven out these dis:.lppc.'l.r, and 
i rrc~ular patches n,rc formed. The l:.st arc caused by a cert..'l.in 
d ustcring of t.he aggreg:ttcs, which makes itself evident by an in
c~rca:;c of density in the clusters . On furLher driving out the mirror, 
ouly diffuse markings can be seen, and finally these disap1>ear a lt.o
gdhcr. T hese various changes in the appeara nce of the field arc 
not, however, in any way abrupt, and some difficulty is encountered 
in determining npon and rctnining one defiuite ~;tage as a crite
rion . . , . ( t was found by a compa;·ison of . . readings that those 
taken using as a criterion the point marking the firnt step in the 
fusing of the image of the photogmphic deposit, t he change from 
aggregates to clumps, show much greater correspondence with eaeh 
other t han tho.<;e tnkcn at tho dis:tppcarance threshold ; hence, this 
point was :ulopted as a criterion for all subsequent. readings." 

Few later writers arc as explicit in stat ing whether the upper 
or the lower limit of Jnllp;llificn.tion is being considered. 

Several improvements mndc in the details of the Jones and 
Dcisch technique arc described in a paper by Hardy and J onesY 
As a result of these modificat ions, it was found po..,sible to 
mensure the graininess of a phot ographic material with such 
precision t hat the average deviat ion of the graininess factor for 
a single observation would not exceed :3 per cent under ordinary 
conditions. 

Because of the ar t ificial natme of the pt·ocedure adopted, it 
W!\S nece~sary to prove that graininess values as measured with 
the inst rument con espond to the gmininess as already defined 
a nd us understood by the phot.ogntpher. For this purpose, a 
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typical negat ive material was given a graded series of exposures 
in a sensitometer and developed in the usual way. The result 
was a negative consisting of a series of steps of varying density. 
Since the graininess of the materinJ wn.o; too low to be perceptible 
by the naked eye, photomicl'Ogmphs were made of each step, the 
same exposure and time of development being given to each. 
Prints were then made, again with the same exposure and de>'el
opment for ~t il. A photograph of these p1·ints mounted together 
in t he proper order is shown in Figure 287. Since the photo-

!<'Jo. 287. Enlargements showing the relation bet ween 
density nnd graininess. 

micrographs were made under identical conditions of exposure 
and development, this figure represents the appearance of the 
originnl negative when magnified nearly one hundred diameters. 
It is seen that the maximum graininess occurs in the neighbor
hood of the third lightest step. This can easily be verified by 
placing the page at such a distance from the eye that the graini
ness in all the other steps d isappears. As the observer ap
proaches the illustration, it becomes evident that the graininess 
diminishes on either side of the maximum, as would be expected, 
since photographic deposits of zero density or of infinite dcn:.;ity 
obviously cannot have any apparent granular structure. T he 
neg:ttivc, from which the photomicrogr:tphs were made, was then 
placed in the graininess apparatus, and the graininess factor • of 
each step WtlS determined in the usual way. The vnlue of the 
graininess factor for each step plotted as a function of t he corre-

• T he graininess factor i~ tho product of an arbitrary constant a nd the ratio of tho 
d istanreofthe negatiYel.o t hehl<'ndingdi"tnnceof th"hnlf-toneser<'<'n. T hus,ifKist.!Je 
srhi tmry<'on~tnnt, J), thedist:111ce for tho photogr"phic rnat ... ri"L. :111d /)• thecori'<'Sponding 
distance for t he half-tone screen, thegrainine,.. factor. (,', iscxJ>rCIISild by: 

{l- g !:!!. . n, 
The arbitrnry value of K c hoS<Jn w:>S OOS, und tho h:tlf-tono 111:roen hns 500 linC!I to tho 
inch. The dct.1ilsof thcothcrcondition$"rcgivcn intheorigin,.\pnpcr . 
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sponding density is shown in Figure 288, from which it is evident 
that the curve describes accurately the graininess of the material. 
The graininess is at a maximum in the neighborhood of the third 
step and falls off on either side, as before. 

There is a good a priori reason for the maximum graininess t o 
occur somewhere near an optical density of 0.3. I n t his case, 
the total area occupied by the gra.ins themselves is equal to the 
total area of the spaces between the grains. It is known that, 

600. 1 -

Fro. 288. Graininess-density curve for con~tant sample illumination 
measured on Joncs-Dcisch in~trumcnt. 

when a number of uniformly spaced parallel lines are ruled in 
blaek ink on a white card, the lines can be resolved at t he greatest 
distance when they are equal in \vidth to the white spaces be
tween them. The reader can prove this for himself by turning 
to F igure 328 on page 899 and determining the relative blending 
distances of t he variom; sets of lines . For somewhat similar 
reasons, the maximum graininess i:lhould occur when t he total 
gmin area is equal to the total area of the interstiees. The 
maximum graininess is usually at a somewhat higher density, 
but, the agreement with expectation is suffieicnt to constitute 
a ,-;eeondnr,\· confirmation of the vnlidity of th is method of mea);
ul'ing grainines.'l. 
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The instrument described above is cumbersome and, owing 
to the presence of the diffui-iing screen, the maximum obtainable 
field brightness is low. Both disadvantages were overcome by 
Lowry 14 in an instrument in which the observer viewed an aeria l 
image formed by a lens. A diagram of this apparatus is shown 
in Figure 289. The sphere, S, is illuminated by means of one 

~~.>7 
~w•~ 

A 0,· 
-=B?n' O c• 

w• 

FIG. 289. Diagram of Lowry instrument for measuring graininess. 

to thirteen flashlight lamps, B. Light from the sphere passes 
through the photographic plate or film at X and through a posi
tive lens, L 5 , placed at a distance from the plate which is always 
less than the foca l length of the lens. This lens, therefore, forms 
a virt ual image of t he deposit , which is seen at the artificial 
pupil, Y. A homogeneous comparison field is formed by means 
of the prisms, P 1 and P 2, the lenses, L3 and L4, a nd the mirror, 
M. The mirror is of stellite, ground and polished to a fine 
edge, D; and it is t his edge t hat forms the dividing line in the 
photometric field. The intensity in this field is controlled by 
means of the neutral gray wedge, 1Y 1 ; lV2 serves primarily for 
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setting the zero of the instrument. Some of the incidental ad
vantages of t he apparatus are that the brightness of the field is 
sufficiently high to enable readings to be made without .difficulty 
in a moderately lighted room; the necessity for dark-adapting 
the observer's eye and the accompanying inconvenience and 
.fatigue of working in a darkened room are thus obviated. The 
wedge, lV1, is calibrated so that the density of the deposit under 

EFFECT OF FIELD BRIGIHNESS UPOI'I GRAININESS 

• 6 MILLH.AM6ERTS INITIAL FIElD BRIGHTNESS 

•15 
0 50 

hlOO 

FIG. 290. Graininess-density curves for constant s:Lmple illumination 
measured on Lowry instrument. 

examination can be read simultaneously with t he determinat ion 
of graininess, an additional operation thus being saved. Fur
thermore, the field subtended at the eye by the lens remains 
practically constant throughout the entire scale of the instru
ment, which is not the case for the earlier apparatus. 

Some of Lowry's curves are reproduced in Figure 290, in which 
the brightness values arc those which obtain before the sample 
is inserted; the field brightness as seen by the observer dimin
ished as t he sample density increased. These curves are similar 
to t hose found by the earlier investigators at low levels of field 
brightness. As the brightness level was raised, however, the 
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density for maximum graininess increased, as did the graininess 
factor itself at any given density. This increase must, of course, 
cease at some density because an infinitely dense deposit must 
have zero graininess. The diminution of graininess with increase 
of den~ity for t he lower curves is probably attributable to the 
decreasing acuity of the eye at low brightness levels. T he 
failure of the upper curve to droop within the density rang;e 
studied can be attributed to the brightness of the interst iees 
between the grains. As the density increases, the granular pat
tern becomes coarser because more and more of the interstices 
are filled up, but the decreasing visual acuity more than com
pensates unless the sample illumination is hig;h. 

If the illumination on the sample is not held constant but is 
increased to compensate for the density of the sample, the curves 
of F igure 2Ql a re obtained. This shows tlmt the fast-er materials 
arc more grainy, in general, but, more surprisingly, that a linear 
relation exist.<; between the graininess and the density of a given 
emulsion. Moreover, the rates of i1~crcasc of graininess are in 
the same order for the emulsions tested as the values of graini
ness themselves at any selected density. 

The photomicrograph shown in F igure 285 suggests the making 
of a series of photomicrographs of arbitrarily selected standards 
covering the entire graininess gamut with which a photomicro
graph of the sample can be compared. Reinders :wd Beukers 1" 

a ttempted to put this method on a quan t itative basis by deter
mining the magnification of the sample required to match a. 
certain standard. A somc,vhat similar procedure, described by 
Conklin, 1' is to examine t he sample and the standard directly in 
a special comparison microscope so that the magnification of 
both can be varied in opposite senses until the two match in 
graininess. An ordinary comparison microscope can be used at 
a magnification of about seventy-five times to locate the sample 
in a series of arbitrary standards or to compare two samples 
with each other. The difficulty in all procedures of this general 
nature is that the graininess pattern of the sample may be quite 
different from that of any standard even though the standards 
themselves form a consistent, ordered series without wide gaps. 
1\!Ioreover, experience shows that the results thus obtained must 
be interpreted with caution. 
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Inasmuch as both grninine:;s and the Callier coefficient Q 
(Chapter XVII , p. 642) depend upon the gmnular structure of 
t.he deposit , it is natura l to suggest that the latter, which is 
readily measurable, is a crite rion of the former. Threadgold 17 

~o~uggcstecl that a measurement of the value of Q could be used 
for the determination of graininess ; and he gives the illustration 
shown in Figure 292, where straight lines obtained by plotting 

Q5·r----r---.---.----~---.---. 

01 

a 

" i.g 
3 

r.~ 

i.s 

i.3 
T.o l3 T.s ... 

F ro. 292. Hclp-tion between specular and diffuse densities for 
v:lrious materials (T hreadgold). 

the relation between t he log D/1 and log Dtt are given for four 
different photographic materials. The use of Q for measuring 
graininess was studied further by Kiister.18 Using a Martens 
polarization photometer for t he density measurements, he found 
satisfactory agreement between graininess and the Callier coeffi
cient . His expression for grainine.->; was 

K = 100 lo.u; it# when Dtt = 0.5. 

In 1934, Eggert and Ktiste r 1 ~ published details of fur ther work 
on t.he method, and their results were criticized by Narath.:lU 
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Eggert and KUster, however, point out the origin of Narath's 
difficulties and conclude that the method gives perfectly repro
ducible values when operated under proper conditions a.nd is the 
simplest so far proposed for the measurement of graininess. 
According to Eggert and Ki.ister,~1 the value of Q has a direct 
relation to the average diameter of the silver grain ; and they 
concluded that d = C log Q, where d is the average diameter 
of the developed grains and C is a constant depending upon the 
apparatus. 

Despite the work whieh Eggert and KUster did, the validity 
of the Cnllier coe(ficient as a criterion of graininess cannot be 
said to be established. Thus, Hansen and I<eck r. determined 
the coefficient for seven emulsions and then determined the 
corresponding graininess values with an apparatus similar to 
Jones and Deisch's. T he results, when plotted as in Figure 
293, show a ne:uly linear relation. On the other hn.nd, Lowry 
found only the roughest sort of correlation in the case of seven 
emulsions ; and in one instance the result was contradictory, as 
Figure 293 aL<>o shows. Ep;p;ert and Bchopper 23 then studied 
(a) a fine-grain plate and (b) a coarse-grain one, as well as (c) a. 
print of (b) on (a). They found experimenta.lly that the Ca llier 
cocflicient of (c) was the same as that of (a) , and they a ttributed 
this circumstance to the correlation with respect to grain size 
because the same grains are involved. On the other hand, sub
jective observtlHons showed that (c) was more grainy than (a) 
because the interstices between the grains were larger, as will be 
(lism1sscd below. On the whole, it seems t hat under certnin 
eircumstanccs the Cu!lier eoeHicicnt m:\y be a measure of graini
ness, but t.IH~ published experiments to date indicate that it is 
not applicable when the distribution of the grains is of appre
ciable import:m ce compared with the diameter of the grai11s 
(or clumps of grains) t hemselves. 

A more elaborate method of evaluating granularity, and one 
t hat takes grain distribution a.s well as grain diameter into ac
count, is to ma.ke a trace with a mierodensitometer. Difficulty 
then a rises in correlating the granularity characteristics thus 
displayed with the subjective impression of graininess. How
ever, in astronomical and Hpectroscopie work, granularity alone 
is involved bccaul:!c the final result is usually a microdensitometer 
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trace; and the chief effect of granularity is to produce irregular 
displacements of the trace. Thus, Figure 204, from a paper by 
Dunham,24 shows enlargements of iron lines photographed with 

. . . 
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Fro. 203. r.clation of graininess to the Callier coefficient, Q: 
Above, Hansen and Kcck; below, Lowry. 

a stellar spectroscope upon an Eastman Process plate and an 
Eastman 40 plate, as well as microdensitometer traces of the 
same srectra. It is seen that, while the traces from the process 
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1-'10. 294. E nlargements of iron spectra and microdensitomcter t ruc(ll( of 
them: Ahove, Eastman Process Plate; below, Eastma n 40 plate. 
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plate show only a few small irregularities, the truce from the 
Eastman 4Q is badly broken up. Dunham has suggested that 
the relative granularity of emulsions could be shown readily by 
microdensitometer traces of regions uniformly blackened to a 

TYPE I ~~v 

TYPE n ~j~~~~~~M~~~~~~wi~\!~~~~~*WI~~~~~~ 

FIG . 295. Microdensi tomctcr traces showing the gmnulurity of ccrtaiu 
Eastman spectroscopic plates. 

density of 0.3. The magnitude of the effect depends upon the 
setting of the instrument. The slit of the microdensitometer in 
the case just cited is 0.5 mm. long and 5 p. wide, a customary 
Hetting in astronomical work. Traces of this nature on five 
different types of emul:-;ion designed for spectroscopic use arc 
shown in Figure 295. 
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To consider how sueh a microdensitometer trace might be 
evaluated subjectively, a study of the statistical density varia
t ion of a photographic: deposit is desiruUle. lf t he grains of a 
deposit having a given density and bri!!;htness were of uniform 
size and were distributed uniformly, the graininess as judged 
from the magnification required to make t.he inhomogeneity in 
any way perceptible would depend merely upon the grain size 
and t he grain concentration, the latter determining the grain 
spacing, assumed to be uniform. But, as a matter of fact, t he 
grains are statistically distributed in space so that elementary 
cells of uniform size contain quite different numbers of grains. 
This clearly superposes a coarser pattern upon the one made by 
the gra.ins themselves and thus increases the graininess. 1vlore
over, t-he scale of this statistical-distribution pattern depends upon 
t he size of the grains. It is clear that the frequency distribu
t ion of t he grains among the cells is constant in magnitude, us 
t he grain size vMies, only if the scale of the grid of cells is pro
portional to the grain size. 

If the grains of emulsions in general were uniform in size, it 
might not be too difficult to deduce the characteristics of the 
mic:rodensitomete r truce from the frequency distribut ion of the 
gra.ins. Most negative emulsions have a wide range of sizes, 
however. As a result. of such obstacles, most workers content 
themselves with relating t he microdensitometer trace to some 
kind of graininess paramctcr.25 It would be desirable to express 
graininess by a single parameter, and the mean deviation in 
density or transparency might be adopted. This direct methocl 
has been used somewhat, but it can be misleading. Thus, the 
mean deviation can be the same for a few la rge deviations or 
many smaller ones, whereas the former sample would undoubt
edly appear to be the grainier. Instead, it is assumed merely 
that the deposit is characterized by a certain graininess constant, 
G. Then a probability P (A, dA) exists that a cell having an 
elementary a rea a has a density, different from the mean density 
D of the material, within the range (A, dA); let this probability 
depend upon a, A, dA, and G alone. Then, Selwyn 26 shows, by 
means of dimensional analysis unci the theory of differentials, that 

P(t>, dA) ~ ~c->'••0'dt> . (!) 
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This means that the plot of the distribution of density deviation 
tJ. from the mean value D is similar to the familiar Gaussian 
error curve. Thus, the density distribution is described by some 
function of Gj 4fi. The standard deviation for equation (1), 
which is defined as the root-mean-square of the individua l values 
of !J., is given by equation (2) : 

(2) 

This, again, is a func tion of Gj4a alone, and as it indicates the 
"breadth" of the distri bution curve, the not unexpected resu lt 
is obtained that graininess is a function of the dispersion of the 
individual deviations. 

Suppose, now, that two samples, when compared by the Jones
Deisch method previously described, appear equally grainy. 
Then, the sta ndard deviation over a certain elementary area a 
of the ret ina is the same in each case, although a corresponds 
to an area a, for one sample and a2 for the other, the over-all 
magnifications being M, and }.{z, respectively. The graininess 
constants are G, and G2, so 

G,M,j-&t = GzMd ..Ja 
or, since ]If a: 1/d, 

(3) 

This gives some theoretical basis for the assumption on which 
the Jones-Dcisch method was based. 

To correlate equation (1) with the microdensitometer trace, 
let the value of a represent the area of the sample covered at 
a ny instant by the scanning beam. The amplitude of each 
dev iation from the mean is, then, !J., and the distribution curve 
of the individual values of .6. should rep resent the function 
P (.6., d.6.). Selwyn 27 investigated this, making a statistical study 
of the deviations for three different emulsions and six different 
scanning-beam diameters. The emulsions were as follows: 

A, Process 
A. Process 
B, Medium Speed 
B. 1\lcdium Speed 
C, High Speed 
C1 High Speed 

Dens ity 0.37 
Density 1.33 
Deru;i ly 0.33 
Dcnsity0.75 
Density 0.37 
Density 1.20 
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T he deviations in each case were plotted on probability paper, 
on which a true Gaussian distribution wou ld be rendered as a 
straight line; and the value of a;,ra, was determined from t.he 
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F IG . 296. Vnriation of granularity with diameter of scanning spot: 
(a) Selwyn, (b) van Krcvcld, (c) van Kreveld , uncorrected for sluggishness 
of rectifier, nnd (d) Hu.nscn and Keck. 

slope of the best representative straight line. Clearly, the value 
of G should be independent of a, which, being known, enables G 
to be calculated. T he result ing curves of G against a are shown 
in Figure 296a. It appears as t hough G might consist of t wo 
parts, a consta nt term G0 and a term X t hat is a function of the 
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scanned area <t, or 
0 2 = Go2 + X2a. (4) 

This matter will be discus~ed below. 
In Selwyn 's first paper, he had derived an expression for t he 

proba bility that a chosen area has a density lying within the 
range D. ± dD./ 2, the average density being D, on t he ba::;is t hat 
the deposit consists of grains of equal linea r dimension c dis
t ributed at random. Althou~h experimental counts on various 
t ypes of particle confirmed the assumption of random dist ribu
t ion, the t heory did not lead to a usefu l expression for granu
larity. It did, however, indicate t hat the variation of granu
larity with grain diameter should be 

G(c ~ ,,o.S7D[ I j(D)/ D.]. (5) 

Photomicrographs of the grainfl in t he six emulsions tested were 
made and t he mean grain sizes determined . The size::;, which 
ranged from 0.79 p. to 2.20 p., '"ere only slightly :.dTcclcd by t he 
density of t he deposit. When G0/e was plotted against D, a 
fairly representative curve was found to follow the equation 

(U) 

The data, however, were too scanty to serve as more than a n 
indication of the validity of the formula. 

Selwyn plotted the distributio1l curves for all his emulsions 
together on Gaussian co-ordinate paper, hn.ving reduced all the 
data to a common basis, and determined the magnitude of the 
deviations of t he individual points. From t his study, he con
cluded that, 

. it is probable, therefore, that t he density di;;t ribution fU!w
tion is not f'xael.l.v Gaussian. Nevertheless, the ,·ariation from 
Gaus..:;ian i~> small and for praetiea\ purpO."-f'i' I he Ji!';tribution func
lion may be t-aken a,'\ Caussian." 

T he slight departure from Gaussian is not surprising because, as 
Fisher,:!S t he sUttist.ician, mnphasizes, most dist ribut ion curve~ 
representing natural phenomena are skew and a re not the sym
melric;tl, one-parameter , Gaussian variety . 
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Some years earlier, van Krcveld 29 ha(l plotted t he distribution 
of density deviations as shown by the microdensitometer for 
numerous emulsions and concluded "tha t the observations sat
isfy the Gaussian law fairly well." He noticed a. slight posit ive 
asymmetry, which he attributed to dm;t and scratches, the bane 
9f workers in this field, but felt that this could be disregarded. 
Having established t he applicability of the Gaus.<;ian law, he t hen 
pointed out an interesting property of it. Image a template 
containing two para llel slits, separated by interval i , to t ravel 
along the a.xis of the microdensitometer trace, the slit.s being 
normal to t his axis. Through one slit, the deviation of the t race 
from the mean at any instant is Llti through the other, it is .1~ ; 

the difference is .1, - .:h After the template traverses the 
ent ire t race, determine the mean va lue m of the instantaneous 
differences. If the dist ribution is Gaussian and the mean devia
tion in density is .1 ..,, 

(7) 

van I<reveld computed this for eight samples, using 400 differ
ences for each, and found t hat the law held well unless i was so 
small tha t t he width of the microdcnsitomct cr slit produced a.n 
effect. This being the case, a meter was made as shown in 
Figure 297, Light from a lamp, A, illuminates the diaphragm, D, 

c;€:0cc'+;;~'It;c;;:lcioo0'c;;;l0c,c ,,,,,,,;,;;opE t~'" '"""" 
F 

'; JI:fh_ 
• H, H, • 

FtG. 297. van Krcvcld instrument for measuring gm nularity. 

t hrough a lens, B. Dis focused on the sample, F, by an objective 
E; C is a neutral wedge to control the intensity of the beam. 
After traversing the sample, the light is focused on two photo
cells, II, and II2, by an objective, G. The beam dest ined for H , 
is reflected at the annular mirror, T, while that for ll2 is reflected 
at the circular mirror, U. No trace is made; instead, the cells 
arc connected to oppose each other, and the resulting different ial 
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current is rectified and fed to a highly damped galvanometer of 
long period (twenty seconds in van Kreveld's apparatus). As 
the sample, P, is moved in iis own plane, the constantly varying 
density difference causes the galvanometer to deflect from its 
zero position; but it remains fairly steady and indicates a mean 
value by virtue of its long period and high damping. Thus, 
the granularity of the sample is given immediately by the scale 
reading. 

van Kreveld 30 then refined his results. He derived a formula 
for eliminating the effect of the sluggishness of the short-period 
galvanometer used in his electro-optical rectifier. Then he made 
runs with differently sized diaphragms and obtained results of 
which those for the following samples arc shown in Figure 296b: 

A, IlfordSpecin!Rnpid 
A, IIford Special Rapid 
B1 Gcvncrt ContrMt 
JJ, GcvncrtContrll..'lt 
C, Gevacrt Supcroontrast 
C, Gcvacrt Supcroontrast 

Density= 0.35 
Density - 1.00 
Density - 0.27 
Dcn1;ity = 0.88 
Density= 0.35 
Dcmity - I.OS 

On the whole, the measured granularity is independent of area; 
but if the galvanometer correction is not made, the general trend 
is upward, as shown by Figure 290c. An upward trend is also 
manifested by Selwyn's results, shown in :Figure 296a, and, with 
a good deal of uncertainty, by some data obtained on one emul
sion by Hansen and Keek/2 which are plotted in Figure 296d. 
Here the ordinates represent mean deviation of transparency 
!:J.'l' times scanning-beam diameter. 

The reason for the rise of granularity with diameter of beam 
is not clear. One possibility, suggested by Selwyn, is that a 
long-period pattern is superposed upon the short-period devia
tions, the long-period pattern increasing in magnitude with area. 
Some support for this can be obtained from the microdensi
tometer traces. 

A more general approach is made by Goetz and Could,31 who 
blacken the record on one side of the microdensitometer trace. 
This reeord is then placed in the integrator sketched in Figure 
298. R is the record which is illuminated by the lamps L. The 
lens, 0, forms an image of the reeord on t.he photocell, C, asso
ciated with the galvanometer, G2• Tube '1' shields the lens from 
extraneous light. A template, S, with a lengthwise slit moves 
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tnmsvcrscly acm::;s the J·ecord and, a:; it does so, the galvauom
etCJ' swings from its position for a completely opaque record t.o 
t.hat for tt completely <:lear rccOJ'd. The plot of deflection again1'<t 

the displacement of the tem
R plate clearly represents the 

distribution of density devia
tion represented by the trace. 

To avoid the labor of plot
ting and then evaluating the 

Fw. 298. Simple n octz-Gould curve, Goetz and Gould pro-
trace evsluator ror measuring granu- pose the device sketched in 
larity. Figure 299. The record, Rc, 

moves horizontally behind a 
slit, SL. As it docs so, a rack, R, rotates a disk, D, by means of a 
gei\r wheel, G, and the galvanometer spot, L, moves sidewise 
a long the slit , S, in the mask covering the disk. This disk has a 

F'1a. 299. Automatic Goctz-Gould trace cvnluator ror 
measuring granularity. 

family of curves drawn on it, as shown in Figure 300; and if the 
distribution of density deviation follows the law assumed when 
drawing the curves, the galvanometer spot will follow one curve 
from beginning to end as the sample is moved. Since each curve 
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i:; characterized by u. particular value of the parameter represen t
ing granularity, the granularity of the sample is indicated by 
the curve selected by the galvanometer. 

T he law assumed by Goetz and Gould had the general form 

P(tlT, tlT + d1') = g e - 1.4T/T.,Gl". (8) 

Here, P(tlT, tl1' + dT) is the probability that a deviation in 
transpa rency (their microclensitometer values were read in trans
parency units because photocell current is linear with respect to 

FIG. 300. Plan of d isk for Goetz-Gould trace evaluator with family of 
curves plotted nccortling to assumed distribution laws. Each curve corre
BilOnds t o a different granularity parameter. 

incident flux) from the mean lies between the V!tluc tl7' and 
t:J.T + d1', C i.s a constant, G is the granularity conslnnt that, 
determines "the mt.e of deeline of the occurrence of relative 
amplitudes of t he fluctuations !!.7'," and n is a constant whieh 
determines the nature of the function and whieh is as..•mmed to 
ha.ve a value of from unity to two. If -n = 1, t.he expression 
is a simple exponeut.i~d ; if n = 2, the expression become~ the 
familia •· Gaussian error functio11. As a result of numerous t rial:<, 
i he investigators concluded that ''the distribution funct.ion of the 
t.ra.nsmittancc flucf.tmtion:-:; i~ preUomi11a.ntly :l l:au~sbn pro!Ja
hility funct ion upon which a simple exponent ia l d is t rihutiuu 
function is superimposed." In other words, t.he funct.ion i~ 
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Fw, 301. Above, values of Fechner fraction; below, G, and Gt, graininess 
curves of two emulsions (Goetz, Gould, and Dcmber) for constant field 
brightness. Curves labeled G' nrc computed for constant sample illumina
tion when the field brightness with sample removed has the specifi ed values 
in millilambcrts. 
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determined by more than one parameter, which is the case for 
the skew distribution functions usually found in nature. 

Certain of Goetz, Gould and Dember's 33 results are reproduced 
as curves G, and G2 in Figure 301. These compare with Lo,vry's 
curves in Figure 291; it is seen that they droop slightly, whereas 
Lmvry's curves arc straight. Such an evaluation of graininess is 
based on relative transparency; to make it correspond with con
stant illumination, it must be evaluated on a basis of absolute 
t ransparency, wh ieh means that the cu rves must be mul tiplied by 
the mean t ranspa rency '1',.. = 10- n. But even this is not suffi
cient, because the contrast sensitivity of the eye varies with field 
brightness. The topmost curves in Figure 301 show how the 
contrast sensitivity varies when the Held brightness is red uced 
in terms of t he values of density indicated by the abscissas; the 
field brightness at zero density in millilamberts is given on each. 32 

When G1 is multiplied by w-n and then by llB/ B, t he curves 
for G' in the lower part of the flgure resultY It is seen that they 
arc roughly similar to the curves of Figure 290 although suffi 
ciently different to indicate that some other influence is also 
effective. One possibility is that, instead of the con trust func
tion of the eye, !:J.B/B, t he resolving pmver or the acuity shou ld 
be introduced into the calculation. The curve for 1000 milli
lambcrts is anomalous in the sense of being low for low densities 
because of glare at such a high brightness level, but as yet this 
curve is of more academic than practical interest. 

Some correlative work on the basis of mean deviation has been 
published by Hansen and Keck (loc. cit.). They argue that the 
visual merging of the elements of the granular structure of a 
photographic deposit when viewed by an observer results in a 
pattern characterized by a certain apparent mean dev iation in 
transparency over its area. As the observer retreats from the 
sample, the pattern becomes coarser and its apparent t rans
parency deviation less until, at the blending distance, t he devia
tion drops to the minimum value that can be perceived visually. 
P resumably, this quantity, !:J.T0 , wou ld be constant for a ll samples. 

By the objective method, a scanning beam having a certain 
cross-sectional diameter d at the plate produces a trace that can 
be evaluated in terms of mean t ransparency dev iation, !:J. '1'. 
}doreover, from what has been said a few pages previously, it is 
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permissible to specify for every sample a sample constant de
fined hy 

/( = A'l'·d. (B) 

For t.he crit.icn.l va lue of tranlSpamncy devia.t.ion, A7'0 , defined 
a hove, t his corresponds to a certain diameter of scanning beam, 
d', defined by the relation 

(10) 

Returning now to the subjective method, if one observes 
samples from such distances that the values of d' corresponding 
to each subtend the same angle at the eye, the limits of enlarge
ment a re directly proportional to the viewing distances. Let do 
be the value of d' for a hypothetical standard sample whose limit 
of enla rgement is unity. The limit of enlargement of any ot her 
Sit.mple is then 

M - do/d'. (I I) 

The constant of the standard is 

(12) 

The limit. of enlargement for any other sample can therefore be 
computed from the relation 

M = K o/ K . (13) 

Since both d0 and tJ.To nrc defined in subjective terms, K 0 is a 
physioloaical consUmt against which each sample constant K can 
be comp::~red to determine t he upper limit of enlargement. 

Hansen and Keck tested these conclusions by first determining 
the limit of enlargement in a manner similar to Jones and 
Deisch's. Then they ran the samples through a microdensi
tometer and computed the values of the constant K from equa
tion (9). The experimental values thus found are shown in 
columns 2 and 3 of Table LXXXIV.* From equation {13) the 
average value of Ko was found to be 0.21, on which basis the 
calculated values of M would be t.hose in column 4. The simi
larity o£ t hese valuci> t.o those in column 2 is mu.nife~t.. On the 

• Tho limittl of enlar~~;'"ment in oolumn 2 nrc prolmhly lower thnn "''ould be permiuiblo 
in pra.ctiN:', u~ llan.~~en nnd i{(](·k point uut, ho.,·nui>O t ho pr()!;Cnceofdetllil3 in a l)hotogra11h 
\l'nll~ to ~"Qnt:eal the grainin()O!i!. 
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a.,i'lumption that the resolving power of the eye is 1' of arc, 
Hansen and Keck computed that do = 0.072, in which case the 
value of t1T0 determined from equation ( 12) for each sample 
would be as given in column 5. It is evident that the values 

TABLE LX.'XXIV 
QnsBnvt;o AND CA I.CULATF-1> GKANUI,ARITI£!! 

I ' " ' 5 
B m1dsion o , .~r .. ,,.. !{ Meo.~c. t.1'~ 

Agfa Ultm Special 0.48 '·" 0 .7i1 2.S 3.0 
Perutz Silbel'()()l;in .:j-1 3.0 .73io 2B 3 1 
Perutz Pcrscnso .24 3.0 .U71 3.1 2.8 
llnuff Ultrn .22 3.H .0 14 3.4 3.1 
Perutz Pcrorto .21 4.2 }\31 3.9 3. 1 
Pcrutz Silhcreosin .23 43 .444 4.7 27 
Agfu Diapo~itiv .40 6.3 .342 6.0 3.0 
Pcrutz Rcproduktion .20 7.0 .275 7.5 2.7 

a re practica ll y constant, indicating that the eye does indeed set 
a constant transparency devi~~tion as its criterion of just percep
t ible graininess. 

The general conclusions 1·egarding grain iness found by various 
in vestigators may be summarized as fo llows. First, as to the 
negative itself : 

1. The relat ion of graininess to density for constant illumina
tion (or constant exposure in a photomicrographic camera) is as 
shown in Figures 288 and 200. 

2. The relation for constant field brightness (or constant den
sity of a photomicrograph) is as shown in Figure 291. 

3. The conditions under which fixing, washing, and drying arc 
conducted have no effect upon graininess. Hardy a nd J ones 
found that this was the case provided reticula tion was avoided 
and the effect of density variation was eliminated. 

4. Cranulal'ity increases with development time, as severa l 
investigators ha ve found. Some unpublished data obtained in 
the Kodak B.csenrch Labomt.ories ind ica{.(~ t.lmt a. long develop
ment time and low exposure produce more g;raininess for a p:iven 
density tha r1 do t.he opposite set of condit ions. It. should be 
noted, however, that 'Y also increa.scs with development time, 
and va n Kreveld found t.hat. t he ra.tio of gmnularity to 'Y is 
essentiall y constant. It might therefore be expected tha t the 
development of the negative would not cha nge the graininess of 
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the positive since an increase in the granularity of the negative 
with longer development would be balanced by the advantage 
obtained from the use of a softer paper for printing. 

5. Most developers give practically the same graininess pro
vided density and 'Yare held constant. For a discussion of the 
means which may be employed to diminish graininess in devel
opment, see Chapter X I , p. 461. 
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Fro. 302. Grunulurity-density curves of four negative emulsions and of 

prints made from them measured on the Goetz-Gould trace evaluator. A 
single po8itive material at a constant exposure was used. 

6. Crabtree 3 ~ points out that storing an exposed film in warm, 
damp air not only accelerates the fading of the latent image but 
also increases graininess. 

But the negative is only a means to an end, so it is essential 
to consider the graininess of the positive made from the negative. 

1. Figure 302, from Goetz and Gould, shows the granularity 
of four emulsions, A..,., B..,., C..,., and D..,, as well as the granularity 
of prints made from them on positive film developed to a 'Y of 
2.1. The granularity of a positive is greater than that of 
the corresponding negative of the same density because of the 
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superposit ion of the pattern of the negative film on that of the 
positive. 

2. The granularity of a positive may be compared with that 
of the negative from which it was made; if the negative is thin, 
the positive will be dense, and vice versa. If the "printing 
factor" P = G,.JG.\·, the relation of P to D , is shown in Figure 
303, which is from the same data as Figure 302. For a given 

Fm. 303. Ratio of t-he granularity of a positive t o t hat of the negative 
from which it w:1s made as a fu nction of the density of the posit ive. The 
symbols correspond to those of Figure 302. 

D , and-y,, the value of Pis independent of G.,.. However, G, 
is proportional to GN under these conditions. Gp is greater than 
G.v unless D, is below approximately 0.4. 

3. The t ime of development of the negative should have no 
effect on the graininess of the positive provided the -y-product 
nnd the positive density are constant, as deduced in ( 4) above. 
Hardy and Jones show that this is so by the data plotted in 
Figure 304, and Crabtree confirms this result. Kevert.heless, all 
workers are not convinced as to the sufficiency of the evidence. 

4. The density level of the negative has a profound effect. 
A thin negative and a dense one can be printed to give positives 
that are identical in their gross characteristics by adjusting the 
printing time. Their graininess characteristics, however, will 
be very different, as Figure 305 shows. Here the graininess of 
the posit ive is plotted as a function of its density for negatives 
tha t increase in density level from A to E. Evidently, t.he 
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negative exposure should be kept as short as tone reproduction 
wi ll pe rmit. 

5. The effect of graininess in a picture is influenced by both 
density and the presence of details. For example, a large, 
un iform area of density around 0.4, such as a wall or the ::;ky, 
is especially likely to show graininess. 
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FIG. 304. Graininess-density curves of matched prints. The de
velopment times refer to the negatives. 

G. Diffus ion of the incident light in printing is conducive to 
low graininess. In the case of contact printing in an ordinary 
printer, any reduction in graininess is at the expense of defini
tion, according to Hardy and Jones. 

The situation with respect to motion pictures differs from that 
for still pictures because the grain patterns of the successive 
images do not coincide. No systematic investigation under con
di tions in which successive images are viewed seems to have been 
published at the present writing. In sound recording, the granu
larity of the emulsion is evidenced as ground noise, and the 
usefu l power range is the maximum undistorted output less the 
noise power. Albersheim 3!i investigated the matter by regard
ing the illuminated area as a mosaic of black grains and clear 
gaps, and on probability considerations deduced two expressions 
for the probable deviation aT of the transparency of the deposit: 
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Let the area of t he sca nning Leam be a, the grain a rea be a', 
and the mean transparency and density he '1' and D, respec
t ively . Then, if the image is confined to the surface, 

.1'1' = 0.675'1'Jf ~ 1 ~· '/'. 

If the image extend~ into the emulsion, 

.1'1' = 1.022 --t: Fv. 
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(15) 

Fw. 30."J. Grainine~~ of the positive as a fuw:t ion of t he density of the 
negative measured on t he Jones-Dei~ch instrument. The density level of 
the negative increases from A to E, but that of the positive wu.s held con
stant by adj usting the printing exposure. 

I n either case, the amplitude of the ground noise varies as t he 
square root of the area of the ind ividual silver grains. ]\.IIot·c
over, it va ries inversely as the square root of the scanned area, 
as was shown previously. No hel p in reducing noise is derivab le 
from this source, however, because the length of the slit is fixed 
by the width of the track, while its width cannot be increased 
because the frequency range would be proportionately reduce(!. 
If the volume range is computed fo r the two cases, the results 
shown in Figure aoo arc obtained for variable-density recording. 
Unfortunately, the usual density is approximately 0.7, so t he 
peaks of t he curves cannot be utilized. Sometimes, ultrav iolet 
light is used in recording to confine the image to the smfacc U!HI 
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thus reduce the spreading oeeasioncJ by turbidity. Although 
the :1ttenua tion ut high frequencies is thus reduced, the figure 
~hows ilw.t the volllmc range i~ corrc:;pondingly lowered . 

. z 4 .6 .8 1.0 1.2! 1.4 '·" 1.8 2.0 
SPE:CULAR DENSITY 

J.'m. 300. Computed volume rauge of a ,<;ounJ t·eeurd 33 :~ runction 
or exposure (Albersheim). 

Albcrshcim also deri ved an cxprc:;sion for the relation between 
noise level and specular den~it.y. As Figure 307 shows, it fitted 
the dn.ta of at lcnst one experiment. 

Until the problem has received more study, it may be assumed 
tha.t the methods of measuring granu larity which have been 
worked out for picture photography can be used for sound re
cording. I n the case of variable-area recording, a sample of 
uniform density is hardly :;uitablc because the chief effed is 
produced by the errant grains at the boundary between the dense 
~•nd the dear llreas. The proeedure followed in the Kodak Re
search Lahomtories is to make a knife-edge image, as described 
in t he next seet iou, ant! run this across the slit of a mierodensi
tometer, the slit being nonmd to the ed):!;e of the image. T he 
amount of slit that is covered by the dense region is not impor-
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tant, but as little as possible should be covered by the clear re
gion because, otherwise, the fog grains will mask the edge granu
la rity. The resu lting t race can then be measured by inspection 
or by some mechanical device, as previously described. 

' • ' 
~-60 I 

~ ' 

0 

~-'TO 

" ' > 
~ 4 . . 
~ 8 

ELECTR.ICAL 
SYSTEM 

NOISE. LEVEL o 

~------ _. __ ,_ 
.:t 14- .G .8 1.0 \ .2; 14 l.li t.8 t.O "l..Z %.4 24 

SPECUL,._R DENSITY 

FIG. 307. Ground noise of a sound record as a fundion of density 
(Albersheim). T he curve is computed from theoretkal consi1lerations; the 
points represent e:q}Crimen tal values for a certai n positive emulsion. 

TURBIDITY, SHARPNESS, AND THE EBERHARD EFFECT 

If a photographic plate is exposed to light while partia lly 
covered by a shield having a kn ife edge in contact with the plate, 
the developed image does not end abru ptly at the knife edge; by 
rea::;on of diffusion* resu lt ing from refraction, reflection, difTrac-

• Tho terms 6C<l lt"rino and 1rradialion are fr<Xjnently used t.o denote this phenomenon. 
buttheeetermsh:woother8pecificmeaning~~.whcrealldi.f!u~ionhD.IInoln<;"Quir00anyothcr 
dcfinileconnotntionll!lappliod to light and i.e. therefore, lCMambiguoua. 



872 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

tion, and scattering at the silver halide grains, the image en
croaches upon the shaded area and has a diffuse boundary.* 
Consider the image of a slit bounded by parallel knife edges in 
contact with the emulsion: Neglecting the diffuseness of the 
edges, the image in general is wider than the slit, and this widen
ing may be considered to indicate the turbidity of the emulsion. 
A rough quantita.tive measure can be obtained by photographing; 
a slit on a microscopic scale by reduction in a camera, an optical 
'"edge being placed against the slit to attenuate the light loga
rithmica ll y from one end to the othc1 .. ~ti Photomicrographs of 
the resul ting; images made on three modern emulsions are shmvn 
in Figure 308. Diffrac t ion and Rayleigh fourth-power scatter
ing should be chiefly responsible for the diffusion in the case of 
fine-grain emulsions, and these phenomena increase with de
creasing wave length. For coarse-grain emulsions, reflection 
and refraction shou ld predominate, and these arc practically 
independent of wave length. Experiments with red and blue 
filters (loc. cit.) indicated that these types of diffusion arc, in
deed, associa ted with these respective types of emulsion. Con
firmation was give11 by microscopic examination of the images. 
The diffraction type of diffusion should increase from the front 
to the back of the emulsion, and this increase was found in the 
case of fi ne-gra in plates. The diffusion in coarse-grain plates, 
however, was found to be independent of depth. 

The diffusion of the image depends not only on the optical 
I urhid it.y but also on the opacity of the emulsion. In a wet
collodion plate, the optica l turbidity is high; but t he opacity for 
the actinic light is also high, so the light diffused sidewise is 
rapidly absorbed and t he developed image is kept within narrow 
bounds. The photographic turbidity is therefore low although 
t.he optical turbidit.y is high; to avoid confusion, the unqualified 
term turbidity is used solely to mean photographic turbidity . 
.Exactly t.he oppo~ i te condi tion oht.ains in the case of a Lippmann 
PlllUl:o;ion, wh if'h i:-; praeHcally ~rllinle~s when ptoperly prepared. 
It is so tm11:-ducent. that both diffu~i011 and opacity nre \o,v, so 
the turbidit.y i.-; tdso low. The op t.ieal t.urbidity of such an enml
;;ion can readily he increased hy heat., ag;ing;, or other ways, in 

• Thn 1,11.:"""""""" of h"btion. whil'it ,,.;,.,~ frorn reflection ut t.h(" hu<·k eurface of the 
<'llllt!.~imt 8U]lj)OI"t. i M hciu~~: nt•~~:le•·t~"<l HiU<"<J it i~ not a rhanu·t<•risti< of the <Jmul"ion uud l "!U\ 

bodimin<l ted loy ha< ·ki1111: th"""l'l~"·tin th<> w<>ll·knowu m:ouucr. 
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which case the photographic turbidity may become high and the 
resolving power correspondingly low. 

Most turbidi ty investigations have been made to determi ne 
the effects of the phenomenon and not its cause, and so genera l 
laws of light absorpt ion have been assumed rather than special 
laws based upon specifi c mechanisms. One important poin t l'e
quiring study is t he effective law of absorpt ion. If Beer'~; la.w 
held, as it does fo r homogeneous materials, the density of t he 
silver halide layer would be 

D ~ alV', (!G) 

where IV i ~; the concentration of sil ver halide. Bloch and Ren
wick 37 found, however, that the exponent is not unity but that, 
for white light, 

D = 0.6GJV0 • 6 ~ . (17) 

According to th is, the absorption is greater in the upper layers 
and less in the lower layers than it would be if Beer's la w held. 
I n Figure 309 are shown equil uminous su rfaces A ... N in 

I 
FIG . 309. Equiluminou~ surface~ in 1111 emulsion at the edge I- 1' 

of n.n image. 

an emulsion calcu lated by Bloch and Renwick's equation. Each 
surface represents an additional 10 per cent absorption, but the 
surfaces a re not equidistant, as they would be on the basis of 
Beer's law. 

Before considering t he law governing the light distribution 
within the shadow, t he edge of which is at I-I ', the distribu tion 
of light just inside the image should be studied. Obviously, t he 
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light scattered outside mm;t entail a deficiency inside, and the 
figure with its parallel equiluminous surfaces extending to the 
edge 1- I' cannot accurately represent the situation. The law of 
diminution is not known, however; and, indeed, some experi
mental evidence indicates no diminution whatever. Thus, Fig
m e 310a, which shows magnified sections of a sharp slit image, 
shows t he silver deposit ending abruptly at the edges. This 
proves nothing about the light distribution, however, beeaui:ie 
t.he development conditions at the edv;e of an image are quite 
different from those at the eenter. 

The effect of distribution of density in an image upon the 
development of specific areas of that image was studied by 
Eberhard,38 who exposed photographic plates behind a screen in 
which were cireular openings of varying diameter from 0.3 milli
meter to 30 millimeters. He found that the densit ies of the 
developed plate were not uniform but that the smaller images 
were denser than the larger, as if the smallest had received from 
one and a half times to twice as much exposure ns the brgcst. 
This local variation in density is now known as the Eberhard 
effect and is a particular type of what are often referred to as 
neighborhood effects (Nachbarcffekt). Eberhard found Umt all 
kinds of plates gave effects of the same order but. that the amount 
of the e.fTect increases 'vith the thickness of the coating. The 
efTectgmws with exposure but is greatly diminished by an expo
sure of the background or by the development of fog. All the 
organic developers studied were found to give the effect to an 
extent dependent upon the concentration, being greatest for wer~k 
developers. During the course of development, the effect ri"Cs 
to a m:lximurn and then decreases as development is cont.inued. 
All these results were beld by Eberhard to point to an origin of 
the eiTect in the accumulation of development products during 
development which tend to slow down the growth of the image. 
With very small images, this production of oxidation products 
and soluble bromide is low; the developer retains its original 
strength and produces p;reater density than for larger area~, 

where the developer is converted to its oxida.tion products to a 
greater extent. Eberhard concluded that the effect would not 
be shown by a ferrous oxalate developer, and he found experi
mentally that such was, indeed, the case. For this reason, he 



A 

FIG. 310. Photomicrogmphs showing edge effects: A, cro&l sections of 
uniform density; B, cross sections of grcntcr density at boundnrics (Ehcr· 
hard effect); C, 1\lackic line outside imngc. 

876 
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advoc:llcd the usc of ferrou~ oxltlatc developer in scientific work. 
l<'urt.hcrmorc, he poinWd out that the Kostin:;ky effect (p. DIO) 
may a.l~<o be cousidcred to he one type of nci~hborhood effect. 

:\ ,·ery complete expPrimcntal ~tu<.ly of t.he Eberhard effect 
wa-t~ made hy Valenkoff,-'~1 who ~tudiccl the prohlcm by making 
miemdCII~it.omct.c•· i race.s a.cross 
t he exposed a rens. A typica l 
t race is shown in Figure 3 11. 
1 L is seen that the density is 
appreeiably higher at the edges 
th~w at the center of this image. 
Valenkoff specified the amount 
of the neighborhood effect in 

i~\ 
I \ 
I 

t.cnnsof 5D = D,,u.- D,nln.· He Frn. 31 1. Microdcnsitomctcr 

found it to increase witl1 the ~~~~c~:~(~rr~~:r~ 8:d~'~ti'(\~~~c~'~~ff;1~g 
grain size of t he emulsion, so 
that very fim ....... grain plates show no cficcf., while in coarser-grain 
pla.tes the effect may be as mueh as 7 per cent of the density . 
Ko effect wm·; found when the images were pnxluced by X-ray 
exposures, and ferrous oxalate was not found to give results 
differing in any way from the organic developers. 

ValenkofT eoncludetl that the effect is essentia lly one of the 
border of a n image and is greatly dependent upon the sharpness 
of t he image. In large images, it is confined to a region within 
a millimeter or two of the border, but in smaller images there is 
appnrent an increased density in t he middle of the image. The 
effect is genera.lly small, commensurate with the precision of 
mcnsurement. For highly sensitive emulsions, however, it may 
amouut to a density difference of as much as 0.10 . 

. Junkes~0 summarized the available information about the in
fluence exerted on the density of any small ama. of a photographic 
image by the surrounding densities. He agreed that t he effects 
result from t he distribution of :,;ubstauees which affect tl1e process 
of development. These effects may be eit.her general or only 
local: 

I. If t here is a weakening of t.be developer as a whole by gen
eral fog, this may be termed a jog effect and becomes apparent 
by a flattening of the chamcteristic curve. 
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II. Local interference with normal developmen t conditions is 
produced by movements of t he products of development both 
outside the emulsion and within it . 

A. Such local movements outside the emulsion g-ive ri.':lc to de
veloper a nd bromide streaks. 

1. Developer streaks a re relatively dark streaks on unifo rml y 
expo.':lcd areas, caused by the How of fresh developer over the 
photographic emulsion. 

2. Bromide streaks are light fringes around areas of great 
density on fogged plates, and arc due to movements of bromide 
and other reduct ion producls which inhibit development. 

B. The movements wi thin the emulsion produce very sharp, 
dark or light fringes at the border of sharply defined images that 
have received widely different exposures. 

J. Pure phenomena of th is type occur at the edges of large 
areas- border and fringe effects. 

(a) The border effect appears as an increase in the density of 
the margin of a uniforml y exposed, sharply defined image, rela
t ive to the density within t he image itself. It is caused by t he 
diffusion of fresh developer into l he exposed image from the 
neighboring unexposed background. 

(b) The fringe effect appears as a diminution in the fog density 
along the boundary of a well-exposed and sharply defined image 
as a result of the di ff usion of reduction products from the image. 

2. If t he images concerned are sufficiently small , the purely 
borde r and fringe effects may overlap. 

(a) If the images arc homogeneous a nd symmetrical, like a 
disk , the effects are termed diameter effects. For example, con
sider a small circular image that has received more exposure 
than the background: The border effects of the opposite edges 
t hen overbp and t he density at the center is greater tha n the 
sam e exposure would produce on a large area. The smaller the 
image, t he greater is this increase in density. On the other 
hand, if the image receives less exposure than the hackground, 
the fringe effect lowers the density within the image. 

(b) If t he images giving rise to t he border or fringe effects are 
inhomogeneous and unsymmetrical, a Kostinsky effect may occur 
under certain circumstances. This is a mutua l repulsion of the 
effective centers of density of small adjacent images ; since it 
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concerns the movement of an image rather than an alteration 
in density, it will be treated later (p. 910) . 

The neighborhood effects are of great importance in motion
picture work, pnrticularly in connection with the duplication of 
motion pictures. It is common practice in motion-picture pho
tography to print from duplicate negatives, so t hat the photo
graphic process goes through four stages in producing t he finished 

F10. 312. Chnr:\ctcristic r.urves for positive film exposed (A.) in areas of 
about 1_!.1 mm. diameter and (B) in areas of about 10 mm. d ia meter. 

print : There is, first, the original negative; then, the master 
positive; then, the duplicate negative; and, finally, the release 
print. Since the neighborhood effects occur at each stage, they 
can produce very undesirable distortions of tone rendering in 
t his multiple process. In Figure 312 are shown two character
ist ic curves obtained upon motion-picture positive film, curve B 
being made from contiguous, exposed areas about a centimeter 
square and curve A from small circles of about 1} millimeter 
dinmeter with relatively la rge unexposed areas bchvccn each 
step. It is seen that, throughout the upper part of the curve, 
the small circular dots show appreciably more density than the 
la.rge1· sensitometric areas. The constitution of the developer 
does not seem to modify this effect .very much. T he addition 
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of bromide, for instance, docs not lessen it appreciably. T he 
effect is, however, great-est fot· moderate degrees or development, 
diminishes when the development is prolonged, and becomes 
negligible as the development approaches the limit. T he effect 
can, therefore, he greatly diminished by the use of a material 
which has a low value of 'Y~ and which can, therefore, be devel
oped so that the effect is negligible. Thus, by the use of motion
picLUI'e positive emulsion containing a large amount of yellow 
dye, duplicate negatives can be made in which the Eberhard 
effect is unimportant. 

The fringe effect appears in general photography in what is 
known a.s t he Jl1ucl.:ic line; that is, a. sha rp decrease of density 
t hat occurs just outside a dense portion of the image (F ig. 3 10C). 

All these local effects , which in extreme cases c:m produce 
large streamlikc markings upon t he developed image, lli'C mini
mized by effect ive st irring of the dcvelopel' over the surface of 
t he material. For motion-picture work especially, the rapid 
circulation of developer so as to sweep ofT t he produets of devel
opment as rapidly as they are formed is provided for in all 
modern equipmen t. In sensitometric work :tlso, provision must 
be made to avoid loca l streaming effects lind to minimize the 
neighborhood effect by the use of ath~quate agitation during 
development (sec Chapter XVI, p. ()25). 

Under some conditions, a narrowing of t he image is found, and 
t his is sometimes adduced as pt·oof of the deficiency of light ju.-;t 
inside the edge. Thus, Figure 313, which is one of several pub
lished by Nara.th,u shows that the wirlth of :u1 image on paper 
is less than the geometrical image when the density is low. 
This might he accounted for by the l'hrinkage of the paper, but 
it is known that a contraction of the image may take place even 
in the case of films and plates, the reaso.n being a tanning action 
on t he gelatin by t he react ion products of development. This 
mat ter is discussed in the last, section of this chapter ; but its 
effect is shown in Figure 314, 'vhich is from a paper by .Jones 
and Sa.ndvik.42 The contraction varies, among othc1· thin~s, 

with t.he type of developer and the diameter of t.he image; to 
ant icipate, it mny be stated t hnt the c:ontmction i:-; proportional 
to t.he dinmctcr of the inHtA"e provided t he latter is less than 
approximately one millimeter, so the only effect within this size 
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ra nge is to decrct~~sc {,he rate of growth and hence the photo
J!:raplli<: turhi(lit.y. 

tOO 

~~"' sm w•oT" / ::> ........ \19,U. 
IS3p.. 

- 3'3f>J4 

ij /' 
0~--------~--------~L---------~--~ 

....-i/ 

FIG. 3 13. Cha nge in width of u. photographic image on pa r•er with t ime 
of expooure, ac;cording to I\"amth. The zero onlinate represent.<; the wi1lth 
of the gcometric:tl image. llclow is the characteris tic curve of the e mulsion. 

One of the earliest quantitative investigations of turbidity 
was made by Goldbcrg.'13 lie exposed plates t hrough a dia
phm)!;m pierced with three fine holes placed in contact with t he 



882 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

plate. His exposures ranged logarithmically from the threshold 
value to 105 t imes as great. He found the turbidity of a Lipp
mann emulsion to be zero for all exposures; for other emulsions, 
it was zero below an exposure of ten times the threshold and 
then increased at an accelerated rate. He expressed t urbidity 

·as the amount of spreading per unit increase in the logarithm 
of exposure, or, mathematica lly, dx/d log E. On this basis, the 
turbidity of orthodox emulsions at higher exposures increased 
with the exposure level, varying, of course, from emulsion to 
emulsion; in other words, dx/d logE was not constant wit h ex-

0 o:z. 0.4 O.b O.llo 1.0 1.?.. 1.4 !.ID 1.& ?...0 

F10. 314. Vnriation in image diameter as n. function of density for dif
ferent development t imes (Jones and Sandvik). T he width of the geo
metrical image was 0.99 mm. 

posure. The problem was re-examined by "\Vildt H using mono
chromatic light; he found t he strictly linear relations exhibited 
by Figure 315. These a rc for four wave lengths and three 
diameters of diaphragm. A least-square solution shows t hat the 
slopes arc independent of the diameter of the diaphragm for any 
gi\·cn wave length but that the slope increases with wave lengt h. 
Wildt explained Goldberg's results by pointing out that the 
bluer components of Goldberg's heterochrOmatic light would be 
more effective on his color-blind emulsions at low exposures than 
t he red, and lhis would lead to a flattening of his turbidity curve 
at low exposures. Indeed, Wildt duplicated Goldberg's curves 
by using a mixture of red and blue light of low intensity. On 
the other hand, the linear relation has been established in one 
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set of experiments for heterochromat ic light varying in intensity 
over a range of five hundred times.~~ 

d:0.3mm d: 0.8mm d: 1.6mm 
FIG . 315. Vuriation in image diameter with tl1e logarithm of exposure 

time (Wildt). E ach row represent s the wave length of the light used for 
exposure; and each column, t he diameter of the geometrical image. 

The phenomenon of turbidity has been utilized in stell ar 
photome try since Bond made the first stellar photogr:.tph in 1850. 
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The straightforward procedme for determining a stellar magni
tude would be to measure t he density of the photogmphic imag:e 
with a mierodensitometer nnd then find the illumination on the 
plate from the charaderit>tic curve, taking due n.ecount of 
reciprocity failure. Such a procedure is complicated, however, 
and is subject to numerous sources of error,* so the procedure 
of measuring t he diameters of the images and then deducing: 
the brightness t from t he turbidity relation is frequently followed. 

From the experiments described above, it might be expecte(l 
that a satisfactory relation would be 

d = a+ r log I , (18) 

whet·c a and r are constants to be determined empirically. 
tlchciner in 1880 had, indeed, dt~duced t his equntion from as
t ronomical observations. By virtue of its analogy to the equa
tion D = Jog i + "Y Jog E rcbting the density of a deposit to 
the exposure producing it, Ross 47 has proposed that the constant 
I' be termed astrogamma. The law expressed by this equation 
is sometimes called the diameter law (Durchuw8sergesct.z) . 

Experience showed that Scheiner's formula was not too well 
followed by astronomical data, and the so-called Greenwich 
formula came into more general usc: 

,Q = n + b log I. 

H.os.<> made a series of exposures to artificial stars on a t.irne 
scale and plotted the diameters of their images accordiug t,o 
equations (18) and ( 19), a.-; shown at A and B, respectively, in 
Figm e 316. It is seen that the Schcinct· formula is iu error for 
long cxposm es, in aeeorcbnce with Goldberg's results previously 
discm;..;;cd; t he Greenwich formula is in error for short exposures 
(or small d iamcte:rs), which, however, are of little importanee in 
:tstronomy because stel lar disks are rarely smaller than 50 p. in 
diameter. Ross proposed to modify the Greenwich formula fo 
read 

.J"(ft:h = a. + b log!, (20) 
• Uard ly :my tn.e of m<•:~iju~m'"' ' o·ml!aito• "'' """'Y pi tf;>ll~ f,.r t he unwu.ry "" l'h<JI~•

.:r=>phic J•hotomctry." 
t I t It'"-"' without >~~•yiro.: that llot• i!lurniuatinn in t he ,\iry dil!k foo·m<'d hy the lt•k"'I'"OI><l 

ohk<: t ivc ia prvport.ion" l tot.!,., l •ri01ht"'""" of thu ~t,.r, th<.> ~iz<J of t lw di~~ hciug determined 
,..,lcly hy thc ~izcof t.hcohj<'!<'ti\"f', f!XC<'ptinw far :Ul thu"' hoiling" of thcutmOIIflhcre tend~ 
to!lnlnrge it. 
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\vhere his a third constant. Curves C, D, and E represent this 
formula with inereasing values of h; and curve E is, clearly, a 
quite satisfactory represen tat ion of the rbta. The signi ficance 
of this investigation is reduced, unfortunately, by the circum-

Ji'J(]. 31G. Plots showin~ the fit of equations relating the di:uneter of the 
imap;e to the time of exposure: A, Scheiner; B, Greenwich ; C, D, and H, 
lloss with increasing values of h. 

stance tha.t the exposures were made on a time seale. "When an 
astronomer compares an unknown image with one of known 
magn itude on the same plate or another having the same ex
posure time, he is using an intensity scale. Inasmuch as t he 
exposure range is very great, the reciprocity failure intervenes 
to prevent a law based upon a time scale from being applied to 
iutensity-scaJe data without investigat ion as to its validity under 
the new conditions. 

If the photographic turbidity is assumed to indica te accurately 
the light distribution within the emulsion, the distribution can 
be deduced from the turbidity relation. For a homogeneous 
medium whose light absorption per unit t hickness is k, Bouguer's 
(Chapter V, p . 202) law states that the illumination at a depth 

(21) 

where I 0 is t.hc illumination ou the surface. 'l'hi:-,; law may he 
applied to the sidewise sr;attering of ligh t fr-om an image. The 
edge of the image is defined by a certa in level oF -IIlumina1.ion, 

i = Jc- kr = const. = a'", 
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where I is t he intensity of the incident light and x the d istance 
from the edge of the geometrical image. From this, 

In I - kx = a" 
and 

x ~ a' + 1/k In I. (22) 

If the diameter of the geometrical image is designated by y, 
the diameter of the photographic image will be 

d ~ g + 2x 
= n + 2/ k In I, (23) 

which is practically equivalent to Scheiner's formula, equation 
(18). Since this formula applies in the immediate vicinity of t.hc 
geometrical image, as curve A in Figure 316 shows, it is reason
able to suppose that Bouguer's law applies there also. The 
equiluminous surfaces in Figure 309 surrounding the geo
metrical image were drawn on this basis. 

If, instead, i t is assumed that 

then 
..fd = n + , r<},jk In I, 

(24) 

(25) 

which is equivalent to the Greenwich formula, equation ( 19). 
In like manner, the a~sumption that 

(2G) 

leads to Ross' formula provided q is identified with h/ 2. Fig
m es 317 and 318 show the characteristic differences between 
these formulas. Near the edge of the image, the Greenwich 
formula calls for an excessively rapid diminution of flux. On 
the other hand, Scheiner's law calls for too great a flux density 
at greater distanc:es. It is true that curve C, in Figure 318, 
which represents the Greenwich formula, does not appear to 
mateh curve B, which represents Ross's forrnuht and, thus, the 
experimental data; but it does so if its ordinates ~1re multiplied 
by 5.9. Bloch a nd Renwick's formula,, equation (17), results 
in a light d istribution according to t.he law 

(27) 
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for white light. This is similar to the Greenwich formula, for 
which the exponent of x is 0.5, so it may be concluded that the 
light distribution at a distance from the image follows Bloch and 

.. ,. 
Fw. 317. Light intensity near the edge of an imngc nccording to various 

turbidity formulas : .4 , Scheiner; B, Ross; C, Greenwich with various values 
of g. 

100/" 

Fw . 318. Lip;llt intensity 50-100}.1 from the edge of :m im:tgc 
(continuation of Figltrc 3 17). 

Henwick's law rather closely. This law was found to fit the 
nbsorptiou of direct radiat ion within an emulsion thickness of 
some 20,u, so, reasoning from analogy, it may be assumed thut 
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the hw repre8Cnt.-; the absorption of t he direct radiation in the 
deeper layN», :llthongh Bouguer's ilLw is probably a better fit 
for the topmost laycrr;. 

The diflicult ic:-; in turbidity mea:surcment lSt.a.rt with the test 
object. T he .';implcst procedure would be to photograph n. 
la rge test object on a microscopic scale according to the tech
nique to be described subsequently in connect.ion with resolving 
powe1'. This has the drawback that the edge of the image is not 
sharp, owing to diffraction. Contact test objects that arc 
sufficiently fine have obviou.-; drawbaeks. If a circular im~1ge is 
suitable, t he technique described by Goldberg 43 can be adopted. 
He made three dents in a metal plate and then drilled fine holes 
in the dents ; contnct with the emulsion surface was ll8sured 
because t hree points detennine a plane. 

The next problem is to measure the images, and the difficulties 
here can be understood by considering the traces shown in 
Figure 31 !l, which arc for ordinary and fine-grain sound-record-

F1G. 31!). i\li<·roden!<itomcter trace:-; ~holl'ing the v:tri:l t ion in tr:tn~
parcn~.:y :u·ros.~ the ima~c of a sli t a.~ t he exposure t ime is douUlctl : A, 
unlinary suund film; U, fine-grain sound film. The t ransparency scale is 
inverted t o mnke a rise in the ordinate correspond to a rise in density. 

ing emulsions. If the images are measured visually, each ob
server will set up hjs own criterion as to what constitutes t he 
"edge" of t he image. The situation is hardly ameliorated by 
t he recording microdcnsitometcr, because some method must 
be devised for evaluating the truces. The trace:;; of Figure 310 
were made on a transparency basis. lf t he physical evaluation 
is to be correlated with the visual, it might be preferable t.o 
make the traces on a density basis because of the approximately 
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logarithmic response of the eye. This can be done by means of a 
logarithmic amplifier. 

Various methods of expressing turbidity numerically have 
been proposed ; but, since it is customary to double the exposure 
of each image, Ross's quantity A is perhaps the handiest. Thili 
he defined as the increase in \vidt.h of the image for a doubling of 
the exposure. It is equal to Goldberg-'s ratio dx/ d logE when 
logE = 0.3 and is inversely proportional to the coefficient k in 
equations (21) to (27). In fact., since from equation (22) 

.r = (' + 1/ k In 8, 

where C is a constant tllld E i~ the exposure, then 

dx I 0.434dx 
d in E = k = d log E ' 

and, if d log b' = 0.301, dx = ?A by definition, so 

Quite a different type of expression hus been proposed by 
van Krcvcld,48 who sug;g;e:,;ts giving the width of t he image be
tween points " where the intensity of the scattered light is half 
of the incident intensity." This may be a suitable criterion of 
optical turbidity; but it is hardly indicat ive of photographic 
t urbidity, because the latter is so difficult t.o evaluate and, more
over, is so greatly influenced by the conditions of development. 

It must be reiterated with emphasis that, in analytical studies 
of turbidity, the reciprocity failure must constantly be kept in 
mind. A law based upon time-scale mcasurcmeuts c:mnot be 
applied blindly to intensity-scale measurements, especially when 
the measurements are on the sl.eep portions of the reciprocity 
curves. The situation is aggravated if one set of measurements 
is made at high intensity, as is most convenient in the lahora.
tory, a.nd the othel' al; low intensity, as is t-he cnse in stelbr 
photometry. 

The phenomenon of tmbidi t.y be(·omes imporktnt when the 
widths of lines must he preserved in a photographic <:opy. Jn 
making test objects for resolving-power iuvcstig:t t ions, for 
instance, one finds that the lines arc widened at the expense of 
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the spaces or vice versa, and the amount of widening is a func
tion of density. The remedy is to use a negative of such a 
density that the widening of its lines (which correspond to the 
spaces in the positive) compensates for the widening of the lines 
of the positive. The proper density can be attained either by 
pontrolling the negative exposure or by making a dense negative 
and then treating it with Farmer's reducer for a suitable length 
of time. 

The knife-edge images made as described earlier have the 
·appearance of Figure 320 when magnified 100 times. These 

A B 
FIG. 320. l)hotomicrogra.phs of edge01 of images formed by knife edge in 

contact with the emulsion: A, ordinary sound film; B, fine-grain sound film 
(X68). 

particular images were made on the sound-recording fi lms whose 
turbidity traces were shown in Figure 319, and the difference in 
sharpness between the samples is evident. To obtain a nu
merical evaluation, a graded series of such exposures was made 
and the images were scanned with a microdensitometer whose 
sl it was parallel to t he edge of the image. The resulting truces 
are shown in Figure 321. The slopes of the straight portions, 
which represent the transparency variation per unit distance 
into the shadow where the transparency is approximately 50 
per cent (density is 0.3), can then be plotted, as is done in 
Figure 322. It will be noted that the maximum value occurs 
approximately at density 1.5 in the present instance; other 
types of emulsion have their maxima elsewhere. 
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As might be expected, sharpness is related to turbidity, 
although the two phenomena must be clearly differentiated. 
Sharpness may be defined as the rate of change of density wilh 
distance into the shadow, or, mathematically, 

(30) 

1f edge effects, such as the Eberhard effect, are assumed to be 

A lJ 

F JG. 321. Microdcnsitomcter traces showing the variation in trans
parency acros.~ k nife-edge images on the films of Figure 320. The ratio of 
successive exposure times is 2 : 1. 

absent, Goldberg points out that 

dD dD d Iog l 
dX- d logl · ~· (31) 

But if the diameter bw holds, it can readily be deduced from 
equation (22) that 

k - 2.31 d I;; r 

Also, for the straight portion of the characteristic curve, 

Therefore, 

dD 
-y=d log l. 

s = - 2~;1. 

(32) 

(33) 

Inasmuch ask is an inverse measure of turbidity, high sharp
ness and low turbidity go together; and a comparison of Figures 
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3 1!) a nd 321 shows that the emulsion with the lower turbidity 
docs, indeed, have the greater sharpness. Increasing l.he 
opacity of t he emubion, which h:u; been shown to reduce j,m
b idit.y, shou lrl increase sharpness. Hoss 49 has shown that dyei ng 

IS 

DENSITY 

FIG. 322. Variation of sharpness with density as measured from the traces 
shown in Figure 321: A, ordinary sound film; B, fine-grain sou nd film. 

a plate yellow, which increases its opacity to blue light but not 
to red, also increases its sharpness for blue light but not for red. 
l'Vforeove r, Sandvik ~ 0 has shown that the sharpness of an ordi
nary emulsion varies with wave length, according to Figure 323, 
and the rise at t he blue end can be explained by the rise in 
opac ity there. 

From equation (33) it might be concluded that, for equal 
turbid ity, the value of 'Y would be the only determinant of 
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sharpness. Unfortunately, the formu la holds only for the 
straight part of the characteristic curve; for emulsions with 
very sweeping toes, the density trails off gradually into the 
shadow although the sharpness near the geometrical image may 

,oo 600 

VoHWE l!NGTH IN "rrf"-

FIG. :~2:t f; haqmcss of Eastm:m 40 plate as a function of wa\'e lengtl1. 
The ordinutes arc in density variation per micron distance normal to the 
edge of the image. 

be high. Thus, Type A in Figure 324 \vould be superior to 
Type B a lthough the maximum gradient or 'Y of both is the 
same. Furthermore, the value of 'Y in equation (33) cannot 
safely be taken from the ordinary characteristic curve because 
the abnormal conditions at the edge prevent the normal density
exposure relatiOJl from obtaining the re. 

Because sharpness is a more complex va riable than tur
bidity and, moreover, is difficult to study without elaborate 
apparatus, it has received little attent ion . The obvious method 
of study is to make traces of knife-edge images in n. microden
:-; itometcr, as shown in Figure 32 1. Because of the very great 
density gradient., a high speed ratio is required between carriage 
and recording film; for the traces shown, the rat io was I : 1GOO. 
The image of t he !'lit on t he sample mu:.;t. be narrow, its width in 
the present inst.ance being 2.;)/J.. Natura lly, there is a limit to 
the sharpness that can be measured under given condit.ion!'l, so 
:Ut actual knife edge should be measured to det.ermine this limi t . 
Fmthermore, the slit mw;t be :lCcuratcly pa ra llel to the edge of 
the image. For the tnH·e::; shown, u. series wa::; made :.lt suc
cessive orientations of t,he slit, :.tnd the trace with the steepe..-t 
f'. lope was f<Uhscquentl y .'-'cle<."t ed to represent each image. 
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Ordinary microdensitometer traces, such as those shown, arc 
on a transparency bnsis because photoelectric cells respond 
linearly to ine.ident flux, :t.nd thus the sharpness is evaluated at 
a point midway in transparency between maximum and mini-

From a visual standpoint, it might be preferable to 

0.4 

Fw. :~24 . CI1:Lracterist.ic curve~ showing dilTcrcnce in toe Hhapcs. 

evaluate sharpness at a point midway in density between maxi
mum ami minimum, which would involve logarithmic amplifica
tion. The tr:.wcs made on a transparency basis are not readily 
convcrt.ihlc because the transparency sca.le is so compressed at 
high densities. 

RESOLVIKG POWEH 

As t he exposure t.o a multiple slit or grating is increased from a 
very low value, the !':!it images nt fi rst appear a.nd become dis
t.inguishablc, p•·ovided the g:rating is sufficiently coarse; but 
eventually turbidity results in an encroachment of t-he lines 
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upon their neighbors, so the separate images again become 
indistinguishable. This ability of the emulsion to record fine 
detail may be termed broadly resolving power, and it clea rly 
passes through a maximum as the exposure inc reases, as shown 
in Figure 325. If the resolving power is to be high, the char-

~0(; EXPOSURE OR \.OG 'TEST -OBJECT COI>IT!ii:I>.ST 

FIG . 325. Hcsolvin!!: power as a function of exposure for three value;; of 
te!it-object contrast and maximum resolving power as a fu1wtion of test
object contrast. Eastman PruceSl:! l'bW. T he broken line is tl1e ch!lr
acteristic curve. 

acLeri:stics of the emulsion must be such that the images will 
become sufficieutly dense to out line the narrow lines before the 
intervening spaces fill up; in other words, 'Y must be high and 
turbidity low. These arc also the requirements for a high value 
of sharpness, but other factors are invol ved so t hat sharpness 
and resolving power are not strictly proportiona l. 

It is customary to state as the ((resolving power" under any 
.(':iven set of conditions t he maximum va lue obtained as the 
exposure is varied. The corresponding values of ex posure and 
density, respectively, are sometimes called the optimum ex-
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p()8UTC * a nd t he optimum dcnRily. ,\!t hough rcsolvinJ.{ power 
is lcs..'> fumhuncutal in a.n :tnnlytica l ~cn.'>C t han the elmraderistic .... 
previously di~cu ........ cd, the ensc with whieh it ca.u be me:t...,.un:d and 
its practical :-;ignific:"l nce a~ indicating t he ovcr~:.li l perform:uwe 
of a materia l lta.vc resulted in the development of ~vera\ tech~ 

niques of mem•urcment and the acquisition of a considerable 
amount of information concerning it. 

The test ohjed can be printed on t he sample either by contact 
or by project ion. In the former ca.se, the test object must have 
a. higher resolut ion t ha n that of t he beflt material to be measured. 
This is difficult to attain, and photographing a. master ehar t on 
a. Lippmann emulsion with a camera of adequate resolving 
power is perhaps the best solution. Furthermore, it is essential 
thnt the contact between test object a nd sample be perfect. 
The morta lit.y of test objects, because of mechanical injury, 
i~ heavy; on the other hand, no question of t he resolving power of 
a lens can be rnised nor is there any focusing problem. 

The more common procedure is to use n, camera, in which case 
the test object is less difficult to make because it can be com~ 
parat ively larg(~. The choice of lens is important. Narath ''1 

has shown that a microscope objective is suitable but t hat a 
photographic objective is not . At the Kodak Research Labora
tories, an f / 5.3 tcleHcope objective of 153 mm. focal length is 
used , t he reduction being 7:i t.imeH. Since the field angle is less 
than one degree, the performance is excellent. According to 
optie:d t heory , the resolving power should be 

N _ 1000 
- 1.2(!/~number)X' 

(34) 

where Nis in lines per millimeter and}.. is in microns. The rc~ 
suit is 300 for this lens, and experiment confirms this figure . 
. Microscope objectives are more suitable for use with materials 
of ext remely high resolving power. In Narath's apparatus, a 
series of exposures at different focus sett-ings is made on a 
single sa.mple; in t he Kodak apparatus, a power-of-t wo time
scale exposure series at a. predetermined focus setting is made, 
since the foeus haH hccn found to remain steady, but a focus 

• Thi~ t<lrm i8 tho n mo a..q thnt u;oe;;l to mmm the m011t omciout ex]~um in Chhpter VI. 
but ! lwre i~ no<vnn~-ction bc tWL'Cil the twomcnninp. 
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test is also run at the optimum exposure when testing materials 
of high resolution. 

The pattern of the te.st object i:o:~ of importance. In optical 
theory, a double star i.s usually adopted for the sake of t heoretical 
simplicity, but a. linear pattern is more suit:lble for photographic 
work. The f:m t.ypc f'howll at A in Figure :320 is fairly easy to 

111111111111111~1111111mlm11 

F1<:. 326. Type,; of r~~ol ving-iJOwer test objC(·t. 

prepare and will cover a wide range if f'eveml copies arc made to 
different scales, but it is a difficult type to evaluate . T he 
same criticism appliel' to the type of patt ern shown at H. 
Probably t he most generally satisfactory type is the one designed 
])y Sandvik mul shown in Figure 327. The line interv:LI repre
::;cnted by e:\Ch :-:ct of three varies from that of its neighbors by 
5 or 10 lines per millimeter. U:o:~ing a similar patlcru, Ross ~2 
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show<.,'{! that the fan type gives results t hat are systematically 
low, while a double-star pa ttern gives approximately the same 
result:;. The reverse or negative of Figure 327 gives much 
lower results he<~ause of the flare arising from the background. 

The sample after development can be examined in an ordi
n ary microscope, preferably one having a binocular eyepiece. 
A magnification of approximately l OOX , using a. lO X (16-mm.) 

Ill Ill 111 II I I I 
Ill Ill Ill Ill Ill 
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Ill Ill Ill Ill Ill 
Ill Ill Ill 

FIG. 327. Standrm l pamllcl-line 
tel<t objc('t. 

objective, is suitable. A riL
bon-filament lamp arranged for 
KOhler illumina tion is an ex
cellentsourcc. ln t hisarmnge
mcnt, the fil tunent is imaged 
on the subst.agc iris wil..h the 
lamp condenser, and the latter 
is imaged on the sample \vith 
the substage condenser. Thus, 
the aperture and the field can 
be varied in size independently 
of each other. A bright light 
somce that can be reduced at 
will with a rheostat is required 
because some emulsions have 
high optimum densities. For 

such emulsions, a diaphragm of the proper size and shape at 
the b.mp condenser to cover everything but the dense image 
is essential to avoid glare. 

An tmusual type of apparatus has been designed by Bruscag
lioni.~ 1t consist.s essentia lly of Young's interferometer behind 
a monochromator, but the interferometer has been modified by 
the addition of a cylindrical lens and the two members of the 
double sli t a re curved. Tho image on the sample is an inter
ference p~lttt~rn like a double fan having a common apex but 
with the ribs extending in opposite direct.ions. The reading is 
made hy means of a ::;calc in the observing microscope that is 
calibrated in terms of t he length of the portion of the pattern 
centering on the common apex that is below the limit of resolu
tion. Such an apparatus can be used for monochromatic light 
a lone; a simih r apparatus has been devised by Crino M for white 
light. In this apparatu:s, the fringes a re formed by the inter-
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fcrence of overlapping spectra produced by a diffraetion grating 
whose central portion is stopped off. 

Although the relationship of other characteristics of the emul
sion to resolving power is obscure, the effects of certain condi
tions are well established and the effects of others have been 
studied for a limited number of emui.':l ions : 

1. Line/space ratio in test object: It was ea rly supposed that 
the ratio of the width of the lines to that of the intervening 
spaces was without effect on re
solving power; but Sandvik,~5 

by using the test object repro
duced in Figure 328, showed that 
a linear relation exists between 
resolving power and the loga
rithm of this ratio, which he 
designated A . I t is customary 
now to make A = 1 unless other
wise specified, and the error to 
be expected from a variation in 
t he ratio is approximately 

aR = - 35 a log A 

according to Sandvik's data, the 

Ill Ill Ill II 
111111111111 
111111111111 
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FIG. 328. Par:tllcl-line test object 
of varying line/space ratio. 

exact amount depending upon the emulsion. The method of 
maintaining the line/space ratio during the preparation of a 
test object has been discussed in the preceding section. 

2. Test-object contrast: The resolving-power curves of Figure 
329 are for three va lues of t he brightness of the background of the 
tes t object with respect to that of the lines. When the maximum 
value of resolving power is plotted aga inst the logarithm of the 
test-object contrast, an exponential curve results, as shown. 
SandvikM studied this relation for four emulsions, plotti ng resolv
ing power against t he density of the background of the test ob
ject, since the lines were all practically cle:1r. If the maximum 
resolving power in each case is set at 100, Figure 32!) shows that 
the data in all cases arc a good lit for a curve whose equation* is 

R ~ R .( l - c- •D) (35) 
• H. Frie!!Cr " hall l'(ivcn a theore tical b:l.'!i~ to thi~ e<tuation n~ ..-~1! a~ to the rela tion 

concerning thclinc/stm~crM i o. 



900 THE THEORY O F THE PHOTOGRAPHIC PROCE5S 

when R.., is taken ns 100 and a as 2.20. Thus, the increase in 
r·p;ro(ving power is rapid when the test-ohject contrast is low hut 
very slight for c:on tr:u;t values gren.tcr than 50 or so. 

:_t Level of illnminn.tion: The level of illuminn.t.ion in t.hc 
image is not especia lly important wi thin rensoruthle limit.:-;, as 
cxpcrimcnl-'3 at the Reale ln~tituto Nuziottulc di Ottic:1 •·~ have 

FIG. 329. M:\ximum re~olving power for opt imum expo.•mre plotted as a 
function of the den~ity of the te~t object (San(\vik). Four emulsions urc 
;;hown; the vnlue;,s fur each h:tvc been adju!;ttld to give t he same mnximum. 

shown. Under conditions that produce decrease« turbidity at 
lower levels, however, one would expect the resolving power to 
be improved, and Ross cites experiments iu which resolving 
power iucrcascd about 15 per cent when the illumination level 
was reduced in the ratio 650 : 1. 

4. The wave length of the light: Sandvik and Silberstein ~0 
made experiment.'> that indicated a pronounced rise in resolving 
power in the blue end of t he spectrum and usua lly a slight rise 
in the red. Ltl.tcr experiments, however, such as those made 
at the Inst ituto Nazionalc, do not confirm the magnitude 
of the rise in the blue, although some rise is almost invariably 
exhibited. Probably this effect, like the variation of sharpness 
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in the same spcctrnl region, is associated with t,he variation in the 
opacity of the cmul:sio~l. Sandvik 'i:l experiments indicated that 
the resolving powe~· to white light is approximately equal to t.he 
lowc~t value found for monoc:hromatic light; on the other hand, 
Crino :stntcs that it equals the highe8t value. The matter ob
viously require:; further investigation. 

5. Composition uf developer: Early experiments seemetl to 
indicate that the type of developer has a marked effect on re
solving power ; but Ross found the opposite, and later work 
seems to confirm his results. Some fine-grain developers will 
improve the resolving power of some emulsions, but this is not a 
universal characteristic of such developers. 

,/--------------- y 

D.VEL.OPMEJoiT 'TIM. (M1,.,_) 

FIG. 330. Maximum resolving power of Eastman Process Pbtc, optimum 
1lensity, optimum exposure, nnd 'Y as fund ions uf the development time. 

6. Development t ime: As development progresses, the re
solving power rises rapidly to a maximum, drops somewhat , 
anti then remains approximately constant, as Figure 330 shows. 
The optimum exposure is but little affected for long develop
ment times, but the optimum density rises slowly. Several 
types of emulsion have been examined at the Instituto Nazionale, 
and all behaved in somewhat this manner. 

7. Developer concentration : The I nstituto Nazionale result,<; 
indicate that , in the case of a typical metol-hydroquinone 
developer, holding the development t ime constant while increas
ing the concentration produces an effect on resolving power 
similar to that produced by holding the concentration constant 
while increasing the t ime, as just described. 
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8. Developer temperature : There is frequently some reduction 
in I'Csolvi11g power as the tempenl.ture of the developer is raised, 
the lmstituto Nn.zionale investigators claim. At t.he snme time, 
t he optimum expo:sure i1!i reduced and the optimum den:sit.y 
ra.i~ed . 

U. Reduction and intensification: Long ugo, S<:heffcr ~, haJ 
shown that the resolved image resides on ly at the surface of t he 
emulsion a.nd that fine structures on emulsions of high resolving 
power can be entirely dest royed by a hrief t reatment in Farmer's 
reducer without greatly affecting the total density. :More 
recently, the Inst it.uto Nazionale invest igators found that 
fcrricyanidc and permanganatc, which arc cutting reducers 
(Chapter XIV, p. 544), lower the resolving power and op
t imum density, wherea.s pcrsulfate hn8 little effect . I n the 
dense regions of the negative, however, they found that reduc
t ion of any kind improves resolution. On t he other hand, 
intensification has no certain effect on the maximum resolving 
power a lthough it raises the optimum density slightly. 

10. Dyes: It is well known that dyeiug an emulsion yellow 
increases its resolving power for blue light; it may double it, 
though with a serious loss in sensitivity. The most ob·vious 
explana tion is t hat the turbidity is decreased by the absorpt ion 
of light and that the image is confined to the surface of the 
emulsion. 

11. Silver ha.lide concentrat ion: The maximum resolving 
power is almost independent of silver halide concentration, ac
cording to Trivelli and Smith ;60 but, at a given image density, 
provided it is high, the resolving power can be more than doubled 
by tripling the concentration. 

12. Gmin characteristics: With the silver halide concentra
tion held comstant, Trivelli and Smith found that a small grain 
size (and a correspondingly large number of grains) results in a. 
much bett-er resolution than a large grain size. There are two 
reasons for t his : In the first place, the grains in their emulsions 
were more nearly alike in size when they were small or, to ex
press it mathematically, the standard deviation of the size
frequency curve was small; and it has long heen known that a 
narrow range of grain :sizes is favorable to good resolut ion. 
This accords with the influence of desensitizers, as described 
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by Ross. They improve resolution and narrow the range of 
grain size by acting differentially with respect to size. In the 
second place, a coarse-grain material is physically incapable of 
high resolution. For this reason, fine grain and good resolution 
a re frequently considered synonymous. It may be an exag
geration to say, with some authors, that granularity and resolv
ing power to a linear test object are independent, but experience 
docs indicate that the order of a series of emulsions on a re
solving-power basis is rarely the same as on a granularity basis 
although the effects may be parallel. 

13. Shape of resolving-power curves: Crino61 claims that the 
shape of the curve of resolving power against log exposure is 
constant as the independent parameter (e.g., developer tempera
ture, concentration, etc.) is varied and that it can be described 
by the general formula 

Jl = C (;~~~]<:~)a > (36) 

where a, b, and c are constants for a given group of curves. As 
the parameter is varied, the intercept of the curve migrates 
along the log-exposure axis, of course, and a general expression 
for a family of curves can be derived by introducing the equa
tion for the migrat ion of this intercept into the simple equation 
above. More extensive tests are required to establish the 
universality of this equation. 

Many of the statements made above are generalizations based 
upon a very limited number of experiments which themselves 
are often contradictory in details. A vast amount of work must 
be done before the effects of the various conditions can be de
termined with certainty, and still more before the effects can be 
correla-ted. 

With so many influences affecting resolution, it might be 
questioned whether one may usefully speak of the resolvin.c: 
power of a mater·ial. The conditions under n·hich the determi
nation is made must be understood, of course, and certain con
ventions have been tacitly accepted. At the Kodak Research 
Lahomtories, by the unqualified term " resolving power" 
applied to a given material processed according to a given 
technique is meant the maximum number of lines per milli-
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meter that can be distinguished visually in the developed image 
under adequate illumination and magnification, regardless of 
exposure, ordinary heterochromatic light (daylight or tungsten 
quality, and ultraviolet being filtered out if desira ble from the 
standpoint of lens aberrations) being used for the exposure, the 
test object consisting of parallel, d ear lines of practically in
finite length on an opaque ground, the lines and intervening 
spaces being of equal width. 

The order of magnitude of the resolving power of ordinary 
fi lms is [>{) lines per millimeter. Fast emulsions formerly showed 
values :1s low as 30, but improvements in emulsion manufacture 
ha.ve raised the' value of some of even the fastest emulsions to 45. 
The fine-gra.in film~ for miniature-camera. work are capable of 
renching 70, while those designed for duplicating motion pictures 
and for microphotography extend to laO or more. The ordinary 
and the fine-gra.in sound-recording films whose turbidity and 
sharpne&S characteristics were shown in t he preceding section 
have resolving powers of 50 a nd 150, respectively. For years, 
a lbumin and collodion plates wit h values of 125 or so held t he 
record for ord inary materials; but fine-grain, thin-coated films 
for photomechanica l reproduction with values well over 200 are 
now on the market. A special material of the Lippmann type 
is availnble wit h a resolving power higher tha.n 300. The re
solving power of the Lippmann emulsions must be very high, 
but the highest meas ured value for any material is probably 
that obtained by Goldbcrg62 and confirmed by Narath.u 
Goldberg used a collodion-chloride emulsion that he exposed 
through a 4-mm. apochromatic microscope objective to form a 
print-out image. He held the plate against the end of a tube 
during the exposure and focused by grinding the end of the tube 
wit h a piece of ground glass, using no abrasive. NJirath used a 
3-mm. :tpochroma.t but focused with an ordinary screw. Both 
at.tained a resolving power of 1000 lines per millimeter, which 
corresponds to a line width of the order of a Wttve length of visible 
light and, hence, only on the verge of resolution optically. 

Although resolving power is customarily expressed in lineR 
per millimeter, there is no reason why it should not be cx
prc:;:<:~ed as the width of the corresponding lines, a nd Narath 61 

points out that this would represent the wave length of t he 
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<~orrespondi ng tone on a ~;ound record. The frequency of this 
tone would be 

where v is the speed of the film, which is 45.6 mm. per sec., a nd 
A is twice the widt.h of the narrowest resolvable line. But this 
application of resolving power as it is usually measured is not 
especially significant. In the first plaf:e, the material would 
have a lower resolving power for a sinusoidal light distri bution 
than for the square-topped distribution characteristic of the 
usual test object. In the second place, there is no reason to 
suppose t hat the visual limit of resolution is equivalent to t he 
highest frequency t hat can be reproduced from a sound record. 

The characteristics of a photographic material must always 
be considered in relation to the particular application of t he 
material. It. has been assumed here, for instance, that the 
op tical image is sharp, in which case photographic sharpness and 
resolving power decrease with increasing diffusion of the light. 
But , in astronomical photography, the atmospheric unsteadiness 
is so great as to overshadow the diffusion in the emulsion, and 
thus the controlling factor is contrast. This dictates the selec
tion of a material of high 'Y regardless of turbidity. Yellow
dyed plates, although having good resolution, have been found 
entirely unsuited to astronomical photography because their 
good resolution is a consequence of their low turbidity, which is 
accompanied by a comparat ively low contrast. 

'Vith increasing use of the electron microscope, the resolving 
power of emulsions for electron beams is becoming important. 
Not much work has been done in t his field, but von Ardenne 65 

has made a brief investigation of the minimum width of track 
that certain emulsions will reproduce. As the accelerating 
potent ial is raised, t he penetration of the beam into the emulsion 
increases ; and·von Ardenne shows that the resolving power is at 
a minimum when the penetration depth of the electrons is 
slightly greater than the emulsion thickness. Inasmuch as the 
width of t rack is determined largely by scattering within the 
emulsion and t his scattering is produced mostly by the gelatin, 
he points out that t he most favorable material is one that is 
poor in gelatin, such as a Schumann plate. Under compara-
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tively unfavorable conditions, he wns :thlc to produce a, trnck 
only {) p. wide on such a. pia I.e. 

IJ ISTOHTJON~ AND MOVEJ\'IENTS OF THE 1:\·IAO E 

Photographic mal.eriab eannot be u..-ed for mensumtional 
purposes without a .study of charaeteri.stic.s that might introduee 
spurious effects. That paper i.s quite out of the question as a 
base if :m y accurate position measurement is to be made goes 
without &'tying. Ordinary film is much better; but for such 
purposes as aerial mapping, a special base of low shrinkage is 
ret1uired. * Even pla.tP..s are not perfect when measurements 
must be made in terms of microns; here there enter ( l ) large
scale distortions, (2) the gelatin effect, (:l) the turbidity effect., 
and (4) the Kostinsky effect. 

1. Large-scale distortions . Ross discovered that certain dry
ing conditions produce a general expansion of the gehttin layer, 
amounting to one part in twelve hundred on plates one inch 
squa1·c, but that this disappears upon soaking and drying in slill 
air. E ven ordinary air drying may introduce a probable error 
of 21-1. This cnn be reduced by half if the plate is dehydrated in 
alcohol before drying.t The error is especially marked near the 
edge of t he plate. Dryin~ starts at the edge, and the gelatin 
with its encompassed images migrates toward the dried region 
as the drying line moves inward. The effect is not present 
beyond approximately a centimeter from the edge. 

In the investigations reported by Berndt, the test object 
consisted of a silvered-glass plate on which were scratched Jines 
(a) on t he diagonal, (b) through the center parallel to the edges, 
and (c) along the edges. The test object wns printed on the 
plates by contact. Except for two or three plates (especially one 
double-coated plate) for which the errors were abnormally 
large, the error in measuring 100-mm. sections of the border 
lines was l5p. or less. Curiously enough, although the error of 
measurement a long a diagonal might r ise to 101-1, the error in
volved in measuring along the center lines parallel to the edges 
was of the order of only 5~. 

• The mefll!urntional chnra.etcriHlic• of plates and 6lm8 have been tested hy Berndt.•• 
t ;\ plate dehydro-te<l hy alooh<.>l mu~t he dried in u humid ntm<.>~~phcrc (t>.g., n. box lin<~l 

" 'ith wet hln tt ina J>liJ>er ) h> prevent the umul~ion from he<.'Otnillll dnmly. 
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Distortions amounting to upwards of 5,~.~ were also found by 
Cooksey a nd Cooksey 67 even when special precautions were 
taken to dry t he plates uniformly. These distortions they at
tributed to stresses introduced into the gelatin layer during 
manufacture and released during processing. By releasing the 
stresses before exposure, they reduced the distortions to a very 
low vulue. Their method was to pretreat the plates with water 
for thirty minutes und then with approximately 90 per cent 
ethyl alcohol for twenty minutes, after which the pl~tes were 
dried. On the other hand, Van de Kamp and Vyssotsky 58 

claim that distortions of the magnitude found by the Cookscys 
are uncommon and that this "normalizing" process is rarely 
required. The need for it should always be considered, however, 
especially when mre phenomena arc to be recorded. 

2. The gelatin effect (Ross effect). It wa.s remarked in con
ncct.ion with turbidity t lul.t the rcductiorL products formed during 
development seem to tan the image and retnrd the normal growth 
result ing from diffusion. Figure 314 showed this effect for 
various development times, in one particulur case of an image 
approximately one millimeter· in diameter. Ross investigated 
t his phenomenon by means of a test object consisting of 1m 

opaque sheet in which holes had been cut, as shown in Figure 331. 

·Fro. 331. Test object for image contraction and displacement. 

The imnge of the <:entral opening had a diameter of 1. 75 mm. on 
the plate~, ~tnd those of the sma ll openings had a diameter of 50,u.. 
The plat.es were measured before and after drying; the fixing 
bath contained no lw.rdenet·. When pyro-metol developer was 
used and the central openin,!{ was covered, the separations ua', 
bb', etc., of the eorresponding; small images were sensibly the 
~arne whcth<~r the plate wa:-: wet-m dry; hut when the centml 
opcrlir1g was reeonled, not only did its image ::;hl'ink hy 0.10!) 
mm. on drying, b11t the dist.ancc.s aa', etc., diminished by 
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amounts that were greater fot· the inner images. In the case of 
a chlorhydroquinone developer, the shrinkage of the central disk 
was only 0.012 mm., and no certain effect was observable upon 
the separations of the small images. 

To elucidate this behavior further, phttes bearing star images 
were swollen with water, and photomicrographs were made of 
sections t hrough the images. Figure 332 shows that hydro-

A B c 
FIG. 332. Photomicrographs of cross sections of star imngcs: A, hydro

quinone developer; B, pyrognllol developer; C, rupture of emulsion between 
imap;cs •lc\·clopcd in pyrogallol. 

quinone (.A) produces a slight excess swelling at the image; 
this developer produces li tt le contraction of the dried image. 
On the other hand, pyroj.!;allol (B) produces a very marked de
pression, and it was shown to produce a notable amount of 
contraction on drying. Further evidence of the violent physical 
effects produced by pyrogallol i.'l given by C, which shows a fold 
in the gelatin hetween two close imnges. Such effects are n9t 
nbscnt even when the plate is dry because disturbed optical 
conditions are sometimes noticed at the edges of images when 
they arc measured. Furthermore, such effects appear to be 
associated with t he contraction effect, which is produced mainly 
hy pyro and caustic hydroquinone developers. 

The mcchn nism of t.hc phenomenon is clear 011 t.he assumption 
tha.t the reduet.iorr products of the eontraeting developers tan 
t,he gelatin. This takes place withiu the image, which, t herefore, 
eontain:; less water t./wn the surt·ot~~rd ing gelatin and dries more 
mpidly. As it clr·ies, it sets up internal stresses t hat the sur
round ing gelatin cnnnot.. wit..hstaud while wet, and the drier 
gelatin contracts. The stresses must he balanced within the 
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interior of a large image ; am\ Figure 333, indeed, demonstrates 
tha t the effect i:s pmcticall y com;tant for images greater t han 
f) mm. in diameter. The amou nt naturally depends upon the 
developer, hut for t his particula r unspecified developer, the 
contraction is limited to IL 

dista nce of 2.5 mm. fmm the 
edge. The surrounding gela
tin is pulled toward the image, 
of course, as t he experiment 
described in connection with 
Figure 332 proved. This con
traction produced by the tan
ned gelatin has come to be 
called the Ross effect. 

The pract ica l result of this 
effect is shown in Figure 334, 
which is a set of t urbidity 
cu rves from Ross. T he diam-
eter law is strictly obeyed for 
the smallest images, although 
Figure 334 indicates that the 
rate of growth is about 12 per 
cent less than it would be if 
t he Ross effect were absent. 
Since t his effect is constant for 

l<'IG. 333. Contraction of a star 
image ~~sa function of it.'i densi ty and 
of it.<; diameter (Ross). 

the largest images, despi te t he variation in diameter, one would 
expect the turbidity to be low until the diffu Hion becomes great 
enough to neutralize t he R oss effect. Actua lly, the turbidity 
is negative, and this may possibly be accounted for by the 
increase in t.he Ross effect as t he image density increases in the 
low-density range. 

A double-star image :;hould obviously be considered as a unit, 
which means that t he components \vill approach each other. 
Ross states that, " for the close doubles of separation 0. 1 mm. or 
less, the cont raction due to t he movement of the gelatin is 1.61-' 
for all ordinary developers." A notable excep tion is pyro-metol, 
which produced almost four times as much contraction. It is 
clear t hat the same effect should appear in the case of neigh
boring .spectral lines, and Ross found that its magnitude 
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depends merely on the width of the lines and not at all upon 
their length. 

3. The turbidity effect. If two point images are close to-
gether, the diffused light from eaeh will reinforce that from 

the other in the intervening 
space, so the family of equi
luminous curves will be of the 
!:lhape !:lketched in Figure 33f). 

,fo 

Fw. 334. Variation of the (liam
cter of a star image with change in 
exposure for three sizes of geomet
rical image (Ross). 

The developed image under 
any set of exposme and devel
opment conditions is bounded 
by one of these curves if spur
ious development effects are 
absent, 'vhich means that the 
developed images are elon
gated along the line of centers. 
Since this elongation is ex
clusively inward, the centers 
are displaced toward eaeh 
other, and the separation be
tween centers is diminished. 
On the basis of Bouguer'!:llaw, 
it is easy to show that the 
total displacement of the cen

ters li is related to the distance between the separation of the 
adjacent edges of the images r by the equation 

(38) 

The turbidity effect cannot be measured directly for reasons 
that will presently appear, but it can be found by making a 
graded series of exposures to a point object to obtain .6.. Since 

!J.·k ~ 1.39 (See equa.tion (29), p. 889) 

and r can be measured on the plate, the value of 0 can be found. 
The magnitude of the effect can be seen from Figure 336, which 
covers the usual range of values of .6. from 10}.' to 30}.'. 

4. The Kostinsky effect. If an attempt is made to measure 
the turbidity effeet experimentally and the plate is measured 
before drying to avoid the gelatin contraction, the images will 
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FIG. 335. Equiluminous curves around neighhoring images of 
equal circular sources. 

SEPA.ki!A.TlON 01=" EDGES (jJ) 

!•'10. 336. T heoret icul displacement of centers of neighboring star im:tges 
as a function of the I>C JHIT!ttion of t heir edges. 
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separate instead of appr·oaeh each other as they become larger 
with increasing exposure. Even after drying, the gehttin con
traction is not sufficient to overbalance this repulsion if the 
edges of the images are cloi:ier than about 40J.&. Kostinsky gave 
the reason in 1906, when he pointed out that the developer is 
more nearly exhausted in the space between the images t.hau 
at the outer sides and that the bromide concentration resulting 
from development is greater at the same time. This is the 
explanation later advanced by Eberlm.nl to account for the 
diminution of density at the edge of an image; but, in the presept 
instance, the result of interest is that the inner boundaries of the 
images are less developed than the outer. Moreover, t he effect 
is the more pronounced, the closer the images approach each 
other, just as is the turbidity effect; but the Kostinsky effect i;; 
active at greater distances than is the latter. 

If, instead of muking the images approach cnch other by 
means of overexposure, t he geometrical images a.re brought 
closer together, t here is less development action for the same 
image separation, and the Kostinsky effect should be reduced. 
Such, indeed, is found to be the case. The sign :.tnd magnitude 
of the displacement of the centers in a.ny given case, then, must 
be determined by a study of the particular conditions involved. 
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CHAPTER XXII 

PHOTOGRAPHIC ASPECTS OF SOUND RECORDING 

The physical phenomenon termed sound consists of rapid 
variations in atmospheric pressure ordinarily produced by the 
vibration of mechanical parts or of columns of air, as in wind 
instruments. If the rate of vibration lies between about 16 and 
20,000 cycles per second, the result is a note of audible fre
quency.* From a mathematical standpoint, the simplest type 
of variation in sound pressure is a pure sine wave, represented by 

p =Po+ P sinwl, (I) 

where P0 represents the average atmospheric pressure, upon 
which is superimposed a sinusoidal variation of amplitude P. 
Although a simple sine wave of this sort is rarely produced by a 
musical instrumen.t, any musical note may be analyzed as a 
fundamental sine variation plus a number of harmonics or 
overtones.f Each of these, however, is itselfn simple sine wave 
whose rate of variation is an integra l multiple of the fundamen
tal. The quality, or timbre, of a musical instrument depends 
upon the relative amplitudes of these harmonics. 

If the sound waves impinge upon a microphone, they produce 
small electric currents, which can be amplified by electronic 
valves. If a perfect microphone and amplifier are used, the 
current, i, in the last stage of the amplifier may be represented 

i = / 0 + I sinwt. (2) 

The amplified electric eurrent may he used to control the beam 
of light which fa ll :-; upon a motion-picture film moving through a 
camera, so that the sound waves are represented as variations 
in the form or density of the sound track. 

• The extwt limi t of t~udihil ity dep<md~ upon lh<l int.·n~ity of the IIOUrC<'l a nd the <:h,.r· 
'"·te•·i~tie of the oh""'''""r'~ en r. 

t The futuh•m••nt,.l (reque•u·y of tit<" A h..-low middle C ;~ n littl<' m<>re than :wo o·ydo·~ 
fM '<" "'''·mul. Assuming it i~ exadly :WO (')'del! per second. t-hi~ note will ('On~iat of tlw 
fund:mwntal 2()()...cyclc vari,.tion ploH u &X:orul hut·rnonic wit h u ft-~"<tut•rwy of -IOU '"Y''''"' 
P~>r >1<.-.:ond pluJ! a third lrnrmoni., wirh " ft·<J'L"'' '""Y .,(GOO cycl e~~ per l!C<"Ond, and~" on. 

917 
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The sound track is printed upon the positive fi lm and occu
pies a position between t he picture area and the perforations of 
the fi lm, as seen in Figure 337. When the sound track passes 
t hrough a very narrow beam of light during the projection of the 

picture, the intensity of the light tran~ 
mitted by it varies rapidly and contin
uously in the same way as the air pressure 
representing t he sound by which the 
record was produced. By means of a 
photoelectric cell , the transmitted light 
is converted into electrical energy which, 

, after amplification, actuates a loud-
1 speaker and reproduces the sound. The 

cycle of operations concerned in the re
cording and reproduction of sound may, 
therefore, be visua lized somewhat us 
shown in Figure 338. A source of sound, 
I, emits pressure waves which the micro
phone, II, converts into electrical energy. 
This is amplified and operates a galvano
meter of specia l type, IV, so designed 
that the va riations in electrical intensity 
are transformed into variations in a 
beam of light. These variations are re
corded on a moving film at V. The fi lm 
is developed, VI, and printed on a posi
tive film, VII, which is developed and, in 
the projector, controls the intensity of a 

FJG. 337. Film with beam of light from a lamp, IX. The 
;~~;~~;~~ e-<lensity sound light transmitted by the fi lm falls upon 

a photoelectric cell and is converted into 
electrical energy. T his, after amplification, operates the loud
speaker, XI, whieh reconverts the electrical energy into sound. 
T he reproduction thus takes place through six transformations : 
The sound is converted into electricity, the modulations of 
which are transformed into variations of the light beam ; t hese 
are fo llowed by the chemical transformations of the photographie 
process, which take place in the four stages, V, VI, VII, and 
VIII; in stage IX, the silver deposit produces changes of light 
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intensity, which are transformed into electrical variations and 
these, in t urn, into sound by the loud-speaker. 

l<'or ideal reproduction, the 8ound rettching the a.udiencc, XII, 
should be of exactly t he same character as that reaching the micro
phone, II, t he intensity, of com se, being adjusted hy uppropriate 

IU:P~CR. CONVf:RTIN(O Tl<C 
VARIATION~ IM T-M~...,~~~!OM 
OF' THC f"IL.O'\IMTO I;L,.I;CTRIC"L,. 

CMCR.GV 

l = < 

= 
PRINTING 'rHI: N I!:O:,.O.,TIVC 
ONTO THE: PO~ITIVI: I'"IL,.M 
CONTA.IJ'IING. TNC PIC.TUOI.C 

...,ICIWPHONt: 
COMVt:ltl'ING 
M>\IMD INTO 
t:l..t:C.TR.!CITV 

...,OOUL,. .. TOR. 
C.H .. NG! N G T H C 
INTI:N~ITY 0 1' .. 

LIG.HTINAc;c.ORO,O..Na; 
WITH Tl<l!: I:L.I:CTIIIICAL. 
IMTCN~ITY 

FIG. 338. Cycle of operation in ~rmnd recordinj!;. 

control of the umplifier. The original sound consists of a com
plex mixture of simple soundR varying particularly in the fre
quency and relative intensity of the different components; and, 
for satisfactory quality of reproduction, the relative intensities 
of the different frequencies and the actual form of the pressure 
waves must be preserved within certain limits throughout the 
series of transformations. This involves many problems in the 
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de.-; ign of the acoustical and electrical apparatus and cireuit,s, 
n. discus.<;ion of which does not properly lie within the scope of 
I his book. The discussion is restricted as far as possible to the 
operation of stages V, VI, VII, and VIII; that is, the properties 

t 

of negative :~nd positive photographic films and the 
conditions under which they must be used to insure 
satisfactory rep roduction of sound. 

In the reproduction of sound according to the 
cycle shown in Figure 338, the photographic opera
tions involve the following factors for the control of 
the process : 

A. The choice of the film for making the sound record 
B. The amount of exposure given the film 
C. The development of the sound record 
D. The choice of the positive fi lm 
E. The exposure used for print ing the sound record 

upon the positive fi lm 
F. The development of the positive film. 

Since factors D and F are involved in the processes 
used for the production of the picture and must, 
therefore, fulfi ll the conditions necessary for the cor
rect reproduction of its tones, t hey are more or less 
fixed and not available for t he control of the sound 
record. For this purpose, therefore, factors A, B, C, 
and E nre avnilable. The positive film is that known 
as motion-picture positive, which by normal develop
ment has a 'Y of about 2.10 for the older type and 

FIG. 339. about 2.50 for t he newer, fine-grain type. This char
Fhl with acteristic is set by the practice of the motion-picture 
variab le- industry for the production of pictures. 
~;~~r~tund Two distinct types of sound recording are in use, 

known as variable density and variable area.* 
The variable-density type of record is illustrated in Figure 337. 

The density across the sound track is uniform but is made to 
vary along its length by variations in the pressure produced by 
the sound at the microphone. A glow lamp or a string gal-

• Thi~ latter term h11.11 become t he general!y lle<:<lptcd term for that type of 110und 
n>eord, although ro r il!blewidt4 ismorodi!l!Criptivc. 
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vanometer operating as a light modulator is a fami liar example 
of suitable apparatus for this pu rpose. 

For the variable-area type of record, the exposing light is of 
constant intensity and the sound record , therefore, of constant 
density; but the width of the t rack illuminated varies in ac
cordance with the current of t he microphone. An oscillograph 
whose mirror is adjusted to illuminate half of the sound track 
when there are no sounds at the microphone will produce the 
type of va riable-width record shown in Figure 33B. Other 
types of variable-width records are shown in Figu res 344 and 346 
and a re d iscussed later. 

T he modulation, m, of the amplified microphone current, i, 
is defined as 

'l'n = i onu lrnu!" - i.verOIIe i • ve110.11e - imln!onulll • ( 3) 
t•verace i.vera~~e 

Since t he maximum va lue of sin wt is 1 a nd its minimum value, 
- 1, t he maximum value of i is I o +I; the minimum va lue is 
! 0 - I ; and the average value is 10 ; it follows from equation (3) 
that 

m = 1/ f o. (4) 

If the variations in the exposure of the film are proportiona l 
to t hose in t he current, I, the exposure of the fi lm may be repre
sented by 

e = b'0 + E siuwl, (5) 

where e is t he value of exposure corresponding to a sound pres
sure p, Eo is the value of exposure without sound before the 
microphone, and E is the maximum value of t he sinusoida l 
variation of exposure. 

T he condition fo r correct photographic tone reproduction is 
simply t hat the illumination on t he photoelect ric cell of the 
reproducer be expressible by an equation in the form 

i' = / 0' + l ' sin wl. (I\) 

The constant term 1 0 ' in equation (6) is independent of the eon
:-;tant term [ 0 in equation {2) . T he amplitude of t he va riahle 
term in equation (ti) , however, must he proportiona l to the 
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variable term in equation (2); that is, the transmission of the 
positive sound t rack must be linearly related to the exposure of 
the negative. The transmission of the posit ive sound track 
will vary, therefore, from an average value T 0 to a maximum 
value To+ T and a minimum value To- T ; and 7'/ T0 is the 
modulation. In the ease of a varia ble-area record, the modula
.tion is proportional to the width of the track covered by the 
silver deposit- the average transmission corresponding to half 
the width being covered; the maximum transmission, to the 
whole track being clear; and the minimum transmission, to it 
being completely covered. 

In either type of sound record, the average transmission exists 
when no sound strikes t he microphone. The t ransmission of the 
film, however, is not absolutely constant, owing to surface 
imperfections, such as dirt, dust, and scratches, and to the 
granular structure of the sil ver deposit . These changes in 
transmission cause a certain minimum of modulation, which, 
converted to sound, is known as background noise.• 1 

Sound has three attributes: t 
I. intensity or loudness 
2. frequen cy or pi tch 
3. wa.ve form , quality, or timbre. 

For faithfu l reproduction of sound, a ll three attribu tes should be 
perfect ly reproduced. 

The maximum level of loudness is limited by the amplification 
factor, or gain, and t he power-handling capacity of the electrical 
sound-reproducing system. The range of loudness levels, how
ever, is determined by the minimum and maximum modulations 
that can be used. The minimum usefu l modulation, or trans
mission change, is limited by spurious changes in t ransmission; 
while the maximum permissible modulation is limited by t he 
tolerable amount of wave-form distortion. Photographic ma
terial places no limit on the lowest frequency that can be re- . 
produced ; but its sharpness, resolving power, and astrogamma 
limit to a certa in extent the highest frequency range that can be 

•na.ekgroundnoi..,isoftcnl"cfcrrcdtona(lroundnoi•t. 
t 8onnd hill! other rharactcri~tice. !Uch lUI pefl!pe<:ti,·c; that i~, th<'l !PD.tial dietrihution 

of the ..ourcc and the hinaural perception of the li ~ ti!T><.""r. whkh do not !&ll within the 
!CO!>eofthcpreecntdiacusslon. 
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reproduced satisfactorily. As to wave form, the reproduction is 
dependent upon the fu lfillment of certain specific requirements 
in the photographic operations. 

l. The Reproduction of Loudness 

In systems where sound is reproduced by means of electrica l 
circuits, the relative loudness or intensity is usually expressed 
in terms of the electrical transmission unit, the decibel. 2 If the 
eleptrical energy in a circuit is diminished to one-tenth of its 
input level, the loss, or attenuation, is stated to be ten decibels, 
the number of decibels being ten times the logarithm of the 
rat io: power output/ power input. Correspondingly, if one 
sound has twice the energy of another, its power level is said to 
be three decibels (10 X 0.3, i .e., 10 X log 2) greater; if it has ten 
times t he energy, its power level is ten decibels higher; one 
hund red times t he energy, twenty decibels; and so on. A 
change of one decibel is practically the smallest change in 
loudness which the ear can recognize, i .e., about 12 per cent. 
The intensity of sound is usually stated as the number of decibels 
above t he audibility threshold of 4 X I0- 16 watts per square 
centimeter. A soft whisper at a distance of three feet would be 
15-20 decibels above this threshold; speech, 60-80 decibels ; the 
range of an orchestra, from 40 fo r a single instrument pianissimo 
to 115 for the whole orchestra fortissimo. 

As a lready stated, the maximum intensity of the sound pro
duced from a given track can be increased to any reasonable 
extent by increasing the amplification between the photoelectric 
cell and the loud-speaker; but this ampli fication increases pro
portionately the minimum intensity of background noise, and 
the ratio between the maximum and minimum intensity remains 
constant. This ratio can be increased, however, by the methods 
known as noiseless recording. Other sources of noise are photo
electric-cell hiss,3 "shot-effect" hiss in the ampli fier circuit due 
primarily to thermal agitation ,~ and various microphonic noises 
caused by mechanica l vibrations in the projector. These may 
be called system noises. In a well-maintained sound projector, the 
level of system noises is lower than that associated with the fi lm. 

The background noise due to the granular structure of the 
photographic image varies with the grain size of the emulsion 



PRINT OEN!>ITY 

FIG. 340. Ground noise as a function of the density of a 
variable-(lensity sound track. 

NEGATIVE DENSITY= O.SO PRINT DENSITY= 0.6& 
PRINT..,,. 2 .2 

FIG. 341. Ground noise of variable-density prints on medium-grain and 
fine-grain films ns a function of the negative 'Y· 
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and the density and 'Y of the developed image, as shown in 
Figures 340 and 341, respectively. ~ Figure 340 shows that 
above a diffuse density of about 0.2 the noise level diminishes as 
the density increases. I t is evi-
dent that the background noise 
due to dirt and scratches on the 
film surface decreases as the den
sity increases, because a given 
scratch or opaque particle in the 
scanned area of a sound track 
whose transmission is high pro
duces a greater change in the 
photocell illumination than one 
in the scanned area of a track 
whose transmission is low. Since 
the background noise is most 
notieea ble during silent passages, 
becoming less and less notice
able as the level of the recorded 
sound increases, the background 
noise could be effectively dimin
ished if the average transmission 
of the positive sound track de
creased with the sound level. 
In variable-density recording, 

Fw. 342. The li!-!;llt valve. 

this can be accomplished if the deusity of the positive ROliiHl track 
vnries inversely with the modulation. 6 

In variable-density recording, the exposure of the negative 
film is made through a light-modulating device cal led a light 
valve/ shown in Figure :~42. It consists essential ly of two flat 
metallic rihhom; placed under tension over two supporting 
members to form a narrmv slit. In operation, UteRe rihhon::;; are 
placed in a. magnetic field in such a manner that their spacin~ 
varies with the direction and magnitude of the amplified voice 
eurrent from the microphone. This opening and closing of t.hc 
ribbons detennine the variation of exposure in the soutHJ trae k. 

In noiseless ree01·ding, the mean spacing of the rihhons is not 
eonstant but is reduced t.o some predetermined value durin~ 
~Silent passa.ges or periods of weak si~nals. Thil'l reduces the 
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density of the negative unmodulated track and , consequently, 
increases the density of the positive unmodulated track, thus 
decreasing the background noise. As louder and louder sounds 
arrive at t he microphone, increasing the valve modulation, the 
mean spacing of the ribbons increases sufficiently to accommodate 
the increased amplitude of the ribbon vibrations without bring
ing them together. In the normal method of recording, the 
ribbons have a constant average spacing, and their movements 

A SPEECH INPUT 

8 NORMAL RCDG. 

C NOISELESS RCDG 
": ,;0:~~:~~~:~~~(: fACING 

l'rin(: ip!e of noiseless recording. 

correspond lo the variutions of the sound current only. In 
noiseless recording, the ribbons may be said to have two mo
tions : the motion. due to the sound currents only, as in the 
normal method of recording; and a superimposed, slower 
movement related to t he envelope of these sound currents. 
This is shown in Figure 343. Con trol of t he ribbons is effected 
by a special electrical circu it that supplies to the ribbons not 
only the sound currents but another current at slower period 
co ri'Csponding to the envelope of the sound cuJTents, as also 
. ..;bown in Figure ~{4!{, Thus, t he exposme through the ligh t 
valve on the negative film is reduced during periods of silence, 
while, at the same time, provision is made for increasing the 
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average exposure automatically as the modulntion of the ligh t 
beam increases. It follows t hat t he average density of the 
resulting negative sound track is at a mini· 
mum during sil ent intervals and increa ... 'lC!' to 
a fixed maximum with the level of the signal. 

'fuming to the variable·area system of re-
cording, the same 8 result is ac hieved if the 
average width of the clear or unexposed por
t ion of the positive sound track is less 'vhen 
the modulation is low and becomes greater as 
the modulation increases. I n this system, 
a ny one of several types 9 of sound track 
(Figure :~46) can be produced, depending upon 
the optieal system. A galvanometer is so ar
ranged that if a current such as the amplified 
microphone current flows through it, its 
mirror vibrates. As;;ociated with this gal
vanometer arc a source of illumination and 
an oplical system which images one or more 
illuminated areas in the plane of the slit. 
The motion of these illuminated areas with 
respect to the slit is such as to vary the width 
of the sound track exposed in accordanee with 
the change in sound pressure at the miero
phone. In passing, it is of interest to note 1 
t he two general methods of modulating the 
length of slit illumination, as typified by the • 
illuminated areas shown in Figure 345, whose 15 
motions, as a result of a vuriable current .1.:.:: 
through the recording galvanometer, arc par-
allel and perpendieular, respectively, t o t he 
major slit axis. Fw. 344. Kormal 

In Figure 344, the t ype of sound track used ~~;r~~~{:::~~::le~~~u\~,~ 
is p roduced by an illuminated area in the form records. 
of an equilateral triangle in the plane of the 
sl it. Its base line is parallel to t he major axis of the slit, and 
a perpendicular li ne drawn from the apex of the triangle to its 
base passes through the mid-point of the slit. The height of 
the illuminated triangle is large compared to that of t he slit 
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openiu,:!;, 1':0 t hat only tL snut!l fraction of the light fnll ing within 
the boundary of the illuminated triangle pa&--cs through the 
slit opening. For normal recorcli nJ{, the mean pooition of the 
t riangle i:; adjusted so tha.t the center of the slit opening lie:; at a. 
d ist.:mcc from t.he apex cqnnl to one~lm lf of it.'i ma.ximum dis-

...... 
FIG. 345. Two methods of modulating the length of slit illumination 

in v:triable~are:~ recording. 

tance. T lm"', when no sound strikes the microphone, the nega
t ive receives lL uniform exposure. The strip of the negative 
exposed is centrally located in t he sound track, arid its width is 
equal to half that of the fu lly modulated track. When sounds 
strike the m.icrophone, the triangular area vibrates on the slit, 
thus illuminating more or less of the slit opening, causing a 
corresponding increase and decrease in the length of the slit 
image on the film, with a corresponding widening and narrowing 
of t he exposed area of the sound negative, which when developed 
and printed appears as shown in Figure 344a. T he average 
position of the t riangle is fixed, and the exposure through the 
slit results in a clear portion in the positive sound track suffi~ 
ciently wide to accommodate full modulation; it is, therefore, 
much wider t han that required for low modulation. 

The width of t he clear portion of the t rack may be reduced 
considcmbly during periods of no sounds or weak Sounds if, in 
the preHence of louder sound, the ·width of the clear portion of the 
track is increased sufficient ly so that the amplitude of the sound 
recoi'CI does not exceed the width of the clear track. This is 
accomplished by ndjust ing the position of t he illuminated tri
angle with respect to the slit so that when the modulation is zero, 
the apex of the t riangle extends just beyond the slit opening. 
Thus, the negutive receives a very narrow line of exposure along 
the middle of the track which, when developed to a negative and 
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printed, results in the sound track shown in Figure 344b. As 
the modulation increases, the position of the tritmgle <:h:mges so 
thnt the mean posit ion of its apex is farther and fa rther away 
from the slit opening. When the modulation is full, the dis
tance between the slit opening and the mean position of t he 

. apex is equa.I to one-half of its maximum permissible excursion. 

(Q) <bl (Cl 

Fw. 346. Several type~ of vuriublc-arca sound tr:~cks. 

I t is ~een, therefore, t hat in normal J·ecording the illuminated 
triangle, like the ribbons, has a constant avemge position ; and 
its movement is essentio.lly simple, corresponding to the varia
tions of the voice currents only. In noiseless recording, how
C\'er, the triangle may be regarded as having two motions : first., 
t.hat due to the sound current only, as in normal recording; and, 
second, a superimposed, slower movement related to t he envelope 
of these sound currents. 

For t he type of record shown in Figmes 34Ga and 346c, t.!te 
width of the clear portion of the t rack is controlled by an 
auxiliary gu.lvanomcter or shutter whose vanes are •·eprC!-;CIIl.ed 
by the blnck reclangular areas. These are actuated by the low
frequency currents col'l'espouding to the envelope of the sound 
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currents and serve to mask off the unused portion of the light 
beam. 

The type of track shown in Figure 34Gb requires no special 
noise-reduction system since it inherently possesses a higher 
signal to noise ratio than other known systems of film recording. 
It is not used extensively because of the necessity for maintain
ing an accurate balance of the two halves of the recording and 
scanning beams, the sensitivity of the tw'o photoeleqtric cells, and 
the positioning of the tracks in the recorder 9"· 10 and reproducer. 

0 "0 
I=REQUENCY- C.PS 

FIG. 34i. Frcljucncy clw.radcristic curves for pre- and post-equalization. 

I n add ition to noiseless recording, noise reduction is produced 
by pre-equalization and post-equalization. 11 This is based on 
the fact that a large part of the energy content of the sound 
signals lies in the low-frequency range from 200 to 500 cycles 
per second. An equalizer in the reeording circuit, which de
creases the low-frequency }Lll1plifi cat.ion with respeet to the high
hequency amplification, distribute~> the signal load more uni
formly upon t he recording mechanism with respect to frequency. 
The channel gain can now he increased, a. grea1eJ' ratio of hig;h
frequency signal to surface noise being thus obtained. By the 
introduction in the reproducing circuit of an equalizer having 
complementary characteristics, a.s shown iu Figure 347, the 
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frequency characteristic of the sound reproduced remains un
ehanged. !:iuhsequent post-equaliz:ttion, that is, reduction in 
the high-frequen<:y amplifica.tion, reduces noise because the 
amplifica.t.ion of the hi~h-frequency components in the noi:;e is 
<lecreu:-:erl corre:o;pondingly. 

:\ further iucrem;e in t.hc volume range of l.hc n:produeed 
sound is obtaiucd by compresi!io11 of t.hc range of intensities of 
the originul s igmd::; before they are recorded ou the fi lm.11 This 
is accomplished by suitable electrical circuits associated with 
the recorder amplifier which control the amplification in a pre
determined manner. The amount of compression is recorded 
on a separate tra<:k called the pilot track or the control track. 
By means of the <:ontrol track and the necessary electrical cir
cuits, the amplification of the reproducer amplifier is varied 
inversely to that of the reeorder mnplifier to restore the relative 
intensities of the signals to their original values. 

2. The Reproduction of Frequency 

Sounds occurring in nature,12 such as speech, sound from 
musical instruments, and noises, contain components covering 
a wide range of frequencies. These various frequency com
ponents and t heir amplitude determine the character of the 
sounds. Theoretically, for· the faithful reproduction of a sound, 
a ll the frequency components should be reproduced with the 
<:orrect relative amplitudes. The loss in amplitude with fre
quency depends upon the resolving power of the emulsion and its 
use (Chapter X XI). The relative loss in the nmplitude of 
different frequencies is usually called the frequency characteristic. 
It is determined by recording a series of frequencies at constant 
amplitude of the recording galvanometer and measuring the 
output level of the print at each frequency. The actual results 
of a set or such measurements, using commerically availa ble 
emulsions, are shown in Figure 348 for a frequency ra.nge of 100 
to 10,000 cycles per second. The output · at 1000 c.p.s. is 
arbitrarily t.aken as the zero reference level. 

In practice, the most sn.tisfactory over-all frequency charac
teristics of t.he recording and reproducing systems arc de
termined largely by the level of the background noise a nd wav<..'
form distortions. The background noise due to the granular 
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~~ rueturc of the photographic image is random in chnractcr, 
H:O: is that clue to numerous irregular scratches :u1d small particle~ 

of dirt on the film surfaces. Thus, the level of the background 
uoi:-:e is proportional to the width of the frequency band. T he 
wave-form di~:~tortions are discussed iu the next section. 
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.Fw. 348. Frequency charact eristic curve. 

3. The Reproduction of Wave Forms 

For the original wave form to be retained, the transmission 
of t he positive sound t rack must be linearly related to the ex
posure of the negative. The fulfillment of this condition for the 
va riable-density and va riable-area types of sound recording re
quires photographic materials of different sensitometric char
:tcteristics.13 The variable-density method is considered first . 

The effect of modifications in the photographic process-use 
of different film, different exposures, different developer or 
development t ime- can be computed from data on the sensi
tometric characteristics of t he photographic materials. This 
was done some years ago by several workers; 14 but, in view of the 
complexity of the problem and the many conversion factors 
involved in these computations, it is better to determine the 
optimal sensitometric condit ions by making a direct experi
mental study by methods closely related to commercia l recording 
conditions. Then, the various conversion factors arc included 
implicitly in the results and need not be evaluated. There are 
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severa l methods for determining the wave-form distortions and 
the optimal sensitomet ric conditions. They deal with the over
all characteristics and may embrace distortions not due to the 
photographic process, but the same principles apply. 

If a. simple sine wave is reproduced through a system with a 
nonlinear characterist ic, the wave form is distorted; t hat is, 
it is no longer a simple sinusoidal wave. It is, however, period ic 
a nd, like a ny periodic function, can be expressed by a Fourier 
series of the form 

y = ao + a1 cos x + a2 cos 2x + · 
+ b1 sin x + bz. sin 2x + · 

In other words, if distortion is int roduced into a simple sinu
soidal funct ion, additiona l components will be generated whose 
h equencies will be integl'al multiples of the funda mental fre
quency. These harmonics can be evalua ted by Fourier analysis. 
T he am plitude of the terms can be measured d irectly by means 
of an elect rical frequency analyzer H or a mechanica l ana lyzer 
operating on a. microdensitometer trace of the wave forrn.u 

The somewhat irregular curve in Figure 349 is a section of t he 
microdensitometer trace of the sound reeord of a pure tone 
which, owing to wrong sensitometric condit ions, had a large 
amount of harmonic distort ion. T he sinusoida l curve super
imposed on t he microdensitometer tracing represents the funda
mental, and the curves below, the second to the sixth term, 
successively, in tile Fourier series. T he crosses represent the 
curve obtained by synt hesis of the components shown. The 
dose agreement between t he original a nd t he synthesized curve 
indicates thnt the composition of the wave is represented uearly 
perfectly by t he first six terms. Actually, it is represented a l
most completely by the fi rst four terms. 

The photographic process in the cyele of sound reproduction 
depends upon the sensitometric characteristics of the emulsions 
used for the negative and the positive--that is, speed, grain 
size, and shape of the characteristic curve--a nd the physical 
characteristics of the developed photographic image--namely, 
resolving power, sharpness, t urbidity, fL!ld granula rity. lt is 
evident that in t he case of detail of microscopic dimensions, 
such as is the case when recording high-frequency components 
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Fw. 349. Harmonic :uta]y;;is aud syntheHis of sound record. 
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of sound, the reproduction of wave form cannot be predicted 
direct ly from the ordinary characteristic curves of a photographic 
emulsion obtained by exposing and measuring the density of 
relatively la rger areas (Chap ter XXI, p. 879). Nevertheless, 
t he fundamental principles are the same, and much information 
can be obtained from a tone-reproduction diagram, such as that 
shown in Figure 350. Since t he cu rrent of a photoelectric cell 
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Fm. 350. Tone-rcprodudion di:.~.gram for sound recording. 

is linea rly related to the transmission of the posit ive, it is 
conven ient to use linea r co-ordinates and plot transmission 
against exposure instead of density against the logarithm of 
exposure, as is cu::; tomary in general photogmphic work. In 
quadrant I of the diagmm, the transmission of the negative 
developed to a 'Y of 0.35 is plotted against the exposure. In 
quadrant II, t he straight line is drawn at an angle which defines 
the exposure on the positive fi lm in the printer. The charac
teristic curve of the positive film developed to a 'Y of 2.10 is 
plotted in q uadrant III , t he t ransmission being plotted against 
the exposure. Vertica l lines for e:wh exposure point in the 
negative in quadrant I meet horizon tal lines drawn through the 
corresponding positive exposures on the positive curve in 
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quadrant III; and their in tercepts trace the curve !:lhown in 
quadrant IV, which represents the reproduction curve of the 
process. So far as this reproduction curve in quadrant IV is 
linear, undistorted reproduction should be obtained. 

The application of this diagram to the reproduction of sound 
requires detailed consideration. In quadrant I , the exposure 
fo llows the ax is from a n average value indicated by the broken 
line and varies equally in the direction of increase and decrease. 
The average or unmodulated exposure tesults in average trans
mission, while the maximum and minimum values depend upon 
the modulation. For an arbitrary value of 9 as average expo
sure, the maximum modulation occurs when t he light decreases 
to zero on the decreasing ha lf of the cyc le and increases to 18 
on the increasing half. I n terms of the light valve, this maxi
mum mean!:l t hat the valve ri bbons close completely, or clash, 
on the one hand, and open to double their average value, on the 
other. In terms of a glow lamp, the lamp is extinguished a nd 
has double its average intensity in the two halves of the cycle. 
In general, the amplification between the sound waves striking 
the microphone and the recording device is so adjusted that 
this maximum is reached on ly occasionally because the limi'ts 
of the curve cannot be u til ized without a considerable amour1t of 
distortion being introduced. 

The straight line in quadrant II defines the positive exposure, 
which is proportional to the transmission of t he negative, the 
coefficient of proportionality depending upon the intensity of the 
exposing lamp. Zero transmission of the negative always leads 
to zero exposure of the posit ive, so a family of straight lines 
through the origin represent<> all possible print ing condit ions. 

Quadrant IH shows the positive characteristic for a 'Y of 2.10. 
Quadrant IV shows the fina l curve of positive transmis!:lion 

plotted against negative exposure. Since there is a straight-li ne 
relationship between Positive transmission and negative ex
posure, and the photoelectric cell current in the reproducer is 
proportional to the transmission of the film, it follows t hat the 
photographic process is correct. 

T he diagram contains four variables ; namely, the exposures 
of t he negative and the positive, usually expressed in terms of 
unmodulated density, and the development of the negative ami 
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the positive expressed in terms of the r's of the characteristic 
curves. The common commercial practice is to develop the 
negative and the positive print so that the effective product of 
their r's is unity. For convenience, the degree of development 
of both the negative and the positive is determined from sen
sitometric strips exposed on a low-intensity sensitometer and 
measured on a diffuse-reading densitometer. Although this 

FIG. 351. To'ne-rcproduction diagram for sound recording with 
too low negative transmission. 

procedure is satisfactory for processing control , to determine the 
actual 'Y pmducts in the sound tracks, certain conversion factors 
must be applied; hence, the term effective 'Y product. The ap
plication of these conversion factors is necessitated, for example, 
by the difference in 1' of the high-intensity sound-t rack exposure 
and the low-intensity sensitometer exposure (Chapter VI), and 
the difference in 1' based on diffuse densities and that based on 
specular densities measured by the photoelectric cell in the 
sound reproducer (Chapter XVII, p. 640). The 'Y's of the nega
tive and the positive having been established, the two remaining 
variables are the unmodulated t ransmissions of the negative 
and the prin t, respectively. The characteristic curves of the 
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negative and the positive emulsions being known, the opt imal 
operat ing points cn.n be determined from the type of tone
repl·oduction diagram described above. In the case given, t he 
unmodula.ted t ransmis.<;ions of t he negative and the positive 
were :~5 per cent 1Uld 17.8 per cent, re!Spectively. By means of 
the tone-reproduct ion diagmm a lso, it can be shown that a 
curvature cm1 occur at either or both ends of the over-all curve 
in quadrant I V as a result of incorrect choice of negat ive and 
positive t.ra.m•missions. Figure 351 illust rates the effect of too 
low ncgnt ive transmission. A similar curve would result from 
operat ing at too hi~h positive transmission, where1tS too hi~h 
negative transmission or too lmv positive t ransmission would 
produce a curvat ure at the other end of the over-all curve. 
Thi:; type of distortion can be greatly reduced by using push
pull recording. For this and other types of va rittble dent;ity 
tracks, t he reader is rcfen ed to the original sources.17 

The opt imal sensitometric condit ions can be determined by 
making a series of records of sinusoidal waves at several lamp 
currents and -y's, usually at two or three different frequencies. 
A series of positives at different print ing exposures are made from 
each negntivc. The wave·form distortion of t hese prints is 
determined either by the method described previously, a record
ing rnicrodensilometer being used to trace the wave form, which 
is analyzed by a mechanical harmonic analyzer or by a.n ele<:
tric:~l frequency analyzer, which measures directly the ampli
tude of the terms in the Fourier series. 

Fip;me 352 shows graphically t he steps in the photographic 
sound-recording proeess applied to a sinusoidal wave. T he 
cycle of operation bep;ins in the top centra l compartment, where 
t he curve l t represents a simple sinusoidal current through t he 
light valve. Two records a.rc made using the modulation indi
cated by the reflection cha.mcteristics a and b in the upper right
hand compartment . The lamp current is adjusted so t hat t he 
average nega t ive exposures are 9 and 20 units, respectively, as 
shown in t he lower right-hand compartment . The resultant 
negat ive wave forms are shown in the lower central compart
ment. By adjustment of t he pl'inter chamcterist ic shown in 
the lower left-hand compartment to obtain for both records t he 
same unmodulated print t ransmission shown in t he upper left-
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hand compartment, the resultant wave forms for conditions a 
and bare represented by the circles and the crosses, respectively: 
a, corresponding to the sensitometric conditions in Figure 350, 
remains a simple sine wave; while b, corresponding to the condi
tions in Figure 351, is no longer a simple sine wave. 

Another type of distortion that depends directly upon the 
harmonic distortion occurs in recording complex sounds, such 
as speech or music. This is known as inlermodulation, or the 
modulation of the amplitude of one frequency component by 
another simultaneously impressed on the recording device. 
This distortion is encountered in variable-density records, 
particularly if a low-amplitude, high-frequency signal is im-

Fw. 353. :Microdensitometer tmce of film recorded with 60 cycles 
und IOIXI cycles superimposed. 

pressed on a high-amplitude, low-frequency signal. Figure 353 
is a microdensitometer tracing of a record of that type, where the 
low- and high-frequency components are 60 and 1000 cycles per 
second, respectively. Recalling Figures 349 and 352, it is seen 
that the average transmission of the 1000-cyclc wave varies with 
the amplitude of the 60-cycle signal; thus, if a nonlinear relation
ship between negative exposure and print transmission exists, 
intermodulation will occur between the two frequencies. Two 
types of intermodulation distortion may be introduced by in
correct choice of negative or print exposure. 18 The first is 
show n in Figure 354, where, because of a choice of either too 
light a print or too dense a negative, the operation is too close 
to the shoulder of the over-all characteristic curve. A micro
densitometer tracing of a sound record with this type of inter
modulation is shown in Figure 355. A similar distortion would 
be obtained by exeessi\'e curvature in the toe owing to too dense 
a print or too light a negative or both. The second type of 
distortion is illustrated in Figure 356, where both negative and 
print exposures are too low, resulting in an over-all curve having 
excessive curvatures at both ends. 
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Figure 357 shows the wave shapes in successive stages of 
intermodulation measmements. Oscillogram a is similar to 
Umt in Figure 3;"'.4 and i ~ t.he result of nonlinC1l-l'ity at one end of 

-- ;-- -y -----7 
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l~IG. 354. Analysis of in tcrmodtrlation whctl nonlinearity e:\:ist.s rtt only 
one end of the film characteristic (test signal 00 and 1000 cycles superim
posed). 

Fw. 355. :\Hcrodcusitomctcr trace of the record whose a nalysis is 
shown in Figure 354. 

1.he over-all characteristic curve. Thus, on the negat ive half of 
the low-frequency cycle, the amplitudes of the 1000-cycle loops 
a re reduecd compared to those on the positive half. This is 
more :~pparent in oscillogram b, where the 60-cycle signal has 



9.42 THE THEORY OF THE PHOTOGRAPHIC PROCESS• 

been removed and the remainder amplified. Had there been no 
distort ion, oscillogram b would have a consta.nt amplitude. For 
the measurement of the percentage modubtion of b, the wave is 
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1'10. 35G. Analysis of iutcrmoduhlion when non!ine:~rity cxi~ts ut both 
ends of t he film characteristic (test signal GO nnd 1000 cycles supcrinq>O~etl) . 

reetified as shown in c and .passed through a 200-cycle low-p:.~ss 
filler, which removes the ripples and leaves a signal of the w:.t\"C 

form shown in d. This signal is impressed on a l.ril.nsfonner, 
whieh eliminates the direct-current component int roduced by 
the rectification. The remaining altemating eomponent is then 
measured on a volume indicator calibrated with rcfcrenee to the 
average amplitudes, and the percentage of amplitude modula
tion (R/S X 100) is indicated on a scale. The percentage 
of intermodulation is defined as the average dcvia.tion of t he 
amplitude of the high-frequency wave from the mcnn value. 

The mat hemat ical relation bet\veen the readings of percent
ttgc modulation, as defined above, and pcrecntage hannouic 
distortion can be derived provided certain assumptions are 
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made as to the distortion process. For the fi rst case, the as
$UJnption is t hat the distortion products arc of the second order; 

:(b) .A.UPLI~,IED HIGH FREQUE~ : 

! ! i i ! 
i l ! l ! 
! ! ! ! ! 
~ ~ 

I ! l 1 i 
I : I : I 
I I : J I 

1 i ! : ! ' I I : ' : 
(d) RIPPLE ~ILTERED OFF 

FIG. 357. Wave shapes in successive stages of 
intcrmodulation measurements. 

that is, the output, y, has the following rcb.tion to the input 
current , x : 

y = x + ax2• 

Fer the intcrwodubt ion test, 

{I) 

(2) 

where m1 nnd m1 :ue the amplitudes of the lower frequency w1 



944 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

and t he higher frequency WI!, respectively. Subst ituting (2) 
in ( !), 

y = m1 sin w1t + 1n2 sin Will (3) 
+ am12 sin2 w1l + a?th2 sin2 W:~t 
+ 2ama1~ (sin wat) (sin w2l) . 

The intermodulation tests measure t.hc ratio 

2a=~1~ = 2am1• (4) 

For t he single-frequency ha rmonic test, 

(5) 

Subst ituting (5) in ( I), 

since 
cos 2x = 1 - 2 sin2 x, 

equation (6) becomes 

y = (m1 + m?) sin w1t + a(ma t m'.!)! - a(m, t m2F cos 2w1t. (7) 

The ratio of the second harmonic to t he fundamental is 

a(m1 + m~) _ __ 2 __ , 
(8) 

The ratio of equation (4) to equat ion (8) expresses Lhe rela tion 
of intermodulation to second harmonics and is 

Percentage intermodulation 4m1 

Percentage second harmonics = m, + m2 • 

If the distortion products are of the third order, a similar 
expression can be derived for the relation behveen the percent
age intermodulation and percentage distortion. In t his case, 
the derivation is based on the assumption that the output, y, 
hns the form 

y = X+ bx3, 
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and t he relation is 

Percentage intermodulation 6m 12[4 + (3b)(m1 + mz)~] 
Percen tage third harmonic = (mt + tnz)'(4 + 6bmt2) • 

If the distort ion factor b i:-; small, this will become 

Pereentav;e intermodulation 6m12 

Percentage t hird harmonic = (m1 + m2) 2 • 

Turning to the variab le-area method of recording, it is seen 
that faithfu lness of reproduction depends upon the reproduction 
of a geometric form. The optical system is so adjusted that 
when no sound reaches the microphone, a part of the sound 
track is illuminated to a fixed intensity, and the remainder of the 
track is unexposed. When sound strikes the microphone, the 
mo ving part of the recorder optical system- the galvanometer 
mirror-vibrates and varies the width of the illuminated port ion 
of the track . The exposure of the fraction of the width of the 
track illuminated is at all t imes substantially constant. 

The wave form of the recorded sound suffers a certain amount 
of distortion owing to lack of sharpness at the boundary of the 
exposed area and t he change in the size of the photographic 
image with density. This lack of sharpness is due in part to 
scattered light in the opt ical system, a fraction of which reaches 
the sec tion of the sound track lying outside the geometrical 
boundary of the image; partly to the finite size of the slit image; 
a nd pa rt ly to ligh t scattered by the emulsion itself. The change 
in the size of the photographic image arises from two causes : 
One is the tanning of the gelatin by reaction products in the 
developer, which causes the image to contract; the other is the 
turbidity of the emulsion, which scatters the radiat ion, thus 
causing a growth in the size of the image with density (Chapter 
XXI, p. 907). The actual change in the image size depends 
upon both t he size of the op tica l image and the density of the 
photographic image. Thus, for very sma ll optica l images, such 
us sta r images, the growth factor is large, whereas the contrac
tion factor is almost negligible (Chapter XXI, p. 910). For 
images corresponding in size to individual wave lengths in the 
sound record, the effect of growth or contraction is greater, 
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depending on the density and the frequency of the recorded 
waves. The difference in size of the optical and photographic 
imnges can be very la rge in the case of small optical images 
having high photographic densit ies. Hence, in a variable-area 
sound record, the image spread is more serious on high frequen
cies, as illustrated rough ly by the photomicrograph of the 
parallel line resolving power test shown in Figure 358. The 

F10. 358. Photomicrograph of a resolving power test on 
sound-recording film (X liZ): 

coarsest group of lines corresponds to a wave length in the mid
frequency range, wh ile the fourth group corresponds approxi
mately to t hat of the hi~hest frequen cy. 1t is obv iou."J t.hat the 
diiTerencc in the size of t he line and the space increases constantly 
as t he spacing becomes smaller. The balance between t he 
cont ract.ion of the image that occurs in the processing operations 
and its spreading- owing to the turbidity of the emulsion, the 
scatter of t he light by the optical system, and other causes
fa lls at a density of about 0.75 for t he type of emulsion used for 
sound recording. This density is too low to give a positive that 
is satisfacto ry from t he standpoint of background noise; one 
which is satisfactory in this respect has a relatively large amount 
of wave-form distortion. However, this type of distortion in 
the negative can be largely removed by the proper choice of 
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print density; for each negative density, there is a print density 
which resu lts in the minimum distortion. The print densi ty 
that brings about the most complete cancellation of the di~:;

tortion in a given negative is called t he cancellation density . 
The optimal sensitometric conditions- the correct exposure 

and development of the negative and positive variable-area. 
soulld record- have been studied by several investigators 1 9 • 1 ~a 

from both the theoretical and experimental standpoints. By 
experimenlal investigations,20 using the method of harmonic 
analyses described above for variaLle density, t he op t. imal 
sem;itomet.ric characteris tics have been determined under prac
t.ical working conditions. As in the case of variable-density 
recording, there are four variables; namely, the density and the 
'Y of t he negative and the print, respectively. The negative of 
the variable-area sound record is generally developed to a high 
'Y to increase the Rharpness of the edge of the exposed area. As 
in vnriablc-dcnsity recording, the print 'Y is fixed by the picture 
requirements. It has been pointed out t hat the major cause of 
wave-form distortion in the negative is image spread, and Umt 
its magnitude is a function of the image density. The resu lts of 
harmonic analyses have shown, however, that by proper choiee 
of print density the distortion in the negative can be laq~cly 

cancelled by the image spread in the print, which introduces a 
correspondinp; but complementary distortion. While t he corre
sponding values of negative and positive densities can thus be 
determined by harmonic analyseR, it is necessary when establish
ing thei r nbsolute values to take into eonsideration their relation 
to the sip;nal to noise ratio and the frequency clmmctcristie, 
because the best conditions for one are not necessarily the best 
for t he others. For example, t.he density at which the \Vave
form distortion in t he negative is a minimum is too low to he 
satisfactory in rep;a rd to background noise. On the other hand, 
since the resolving power is a function of the image density 
(Chapter XXI, Fig. 325, p. 895), a very high sound-track den
sity would seriously affect the frequency characteristic. 

The conditions used at present are based on certain funda
mental knowledge, substantiated by a vast amount of practical 
experience. The common practice is a print density between 
1.30 and 1.40 on the film generally used for making motion-
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picture prints. The resolving power of the film is greatest in 
this density region. It is also considered the minimum density 
l:;atisfactory from the standpoint of background noise. The 
corresponding cancellation density on the sound-recording 
negative emulsion is about 1.50 for "white light" recording
that is, unfiltered tungsten radiation- and about 2.00 for ultra
violet recording, using t ungsten radiation transmitted through 
a nickel glass fi lter. The normal white light 'Y is generally be
tween 2.30 and 2.50. It should be noted that in this ease the 

\( 
.. " " , 

" 

control of density is of more 
importance than the- control 
of 'Y and that within reason
able limits control of the latter 
is of importance only insofar 
as it serves as a processing 
control. The relation between 
print density at a 'Y of 2.00 
and total harmonic distortion 
of a 4000 c.p.s. frequency is 
shown in Figure 359. The 
negative was made by using 
a tungsten lamp -as a ligh t 

a ~~~0-~~~ic :,~:~r;c~~:~d d;~~~:~io:s i: source and recording on tho 
function of the print density. type of emulsion used for the 

positive. The print cancella
tion density- the density at which the harmonic distortion is a 
minimum- is equal to the negative densit y . If the spreading of 
the image in the negative were reduced by change to a more 
contrast.y emulsion, for example, or by the use of ultraviolet 
radiation, its density would have to be increased to re-establish 
it s complementary relation to that of the positive. This is 
shown later in a description of another method of determining 
the distortion in variable-a.rea sound records. 

Ultraviolet radiation is used quite generally for variable
area sound recording. 21 The primary reason is the increase ob
tainable in the sharpness and the resolving power of a normal 
photographic emulsion. 22 This is due to the increased absorbing 
power of the emulsion for t.he shorter waves, the photographic 
image being thus confined to the surface and thereby effectively 
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decreasing the image spread. Other means for concentrating 
the image near the surface also increase the resolving power and 
the sharpness. 

Two methods based on the use of two i::!ignal frequencies have 
been developed for measuring distortion in variable-area sound 
records.23 They differ in that in one, two sinusoidal waves of 
several thoni::!and cycles arc recorded simultaneously and the 
amplitude of the modulation products generated as a result of 
nonlinearity in the photographic process is measured; in t he 
other, an amplitude-modulated high-frequency sine wave is 
recorded and the demodulation products are measured. 

Fw. 360. Photomicrograph of film recorded with 9000 cycles amplitude 
modulated with 400 cycles. 

The latter method, known as the cross-modulation method, 
may be described in some detail. .A hi!!;h-frequency signal of 
9000 cycles, say, is modulated 75 per cent by a low-frequency 
sine wave of 400 e.p.s. After modulation, the low-frequency 
signal is removed by a high-pass filte1· in the elec t rical circuit, 
and t he remaining amplitude-modulated high-frequency signal 
is recorded on the film. A photomicrograph of such a record is 
shown in Figure 360. From analogy with t he parallel line test 
object, it is evident that the area of the developed photographic 
image representing the 9000-cycle wave is smaller or larger than 
the area exposed, depending upon the density and amplitude of 
ihe signal , \Vit h a corresponding change in the average transmis
sion of the sound track . In other words, if the sensitomctril' 
conditions are not correct; that is, if t he system is nonlinear, a 
400-cycle component will appear as a result of the demodulation 
or rectification action in the photographic process. This is 
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illustrated further by the diagrammatical representation in 
Figure 361 of records of simple sine waves that have undergone 
distortion owing to overexposure. The top and middle dia
grams illustru.tc that the chan~e in the average t ransmission, 
indieu.ted by the dotted line, inereas c:; with the amplitude ; whi le 
the bottom diagram shows how n new frcqucnc:y is introduced by 

LOW A~PLITUOE 

HIG\-1 AMPLITUDE 
A AMPLITUDE CHit.NGE 

B NEW FREQUENC"V DUE 
TO WAVE-TRAIN 

Fto. 361. D ist<>rted sine wnvcs. :1 illus~rn.tes the chnngc in avern.c;e 
t runi;miSilion with nm plit ude ; nnd B, the introduction of new fn"l<[UCncie.~ 
owing to t he wave train. 

virtue of the wave train. The increase or decrease in t he average 
transmission of the modulated exposure compa.rcd to the un
modulated exposure is also called zero shift. It can be det<~r
mined by comparing the transmission of an unmodulated section 
of track with a section of equal length modulated by t he high 
frequency selected for testing. The comparison can be made 
either by a photometer that measures the total light flux through 
a rectangular aperture used to limit the section of sound t rack 
or by a microdensitometer. Figme 362 is a record obtained by 
the latter method, showing the zero shift for two different types 
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of emulsions. I t is interest ing to note that, although the maxi
mum densities in the two tracks were the same, the zero shift in a 
is much greater than that in b. 

From the p receding d iscussion, it becomes evident that if t he 
record of the type of wave shown in Figure 360 is either under
exposed or overexposed, at lea.':lt one new frequency, namely 400 
c.p. s., will be inlroJuced as a result of demodulation . This 
demodulation componeut can be measured by inserting a 400-

1 11 j i ~ J I I I )tl 'l l l'~ l\ : l 'j' 1 ,' '.·''1 I 'j:H ''I '1111 ~ I :' I' 1 1t'N I ;i ' l ~l 1l l i/ 'l' · '•" 1111 /l 'l l',lll)l 

ftll/,t1hll ,',lt,lill•li ,,,,,l,l;llotH, ti ,l, lll, ]t,_.._ ___ /J 1 1 ;;,,1/ , j , li ,, l/ 1,ll 1 t, l , 1 , 1 ,, !,1ir"l'i'' ' ll/~ a. 

,! '111 '11'1l)l'!'l' l.il' l'l''l'illl 'll 'll' '!, 1 tt) ''l !l l il ' ll ll l ' t'III I I!IJ'I' ~!W~ 

I , ',------"""',' 
lillll ol ,oli lilililolulliHiilo]illlllli oll \ dli,,,, ,,.,.,l,j:,,;,,l/,/iilillilll 

Fw. 362. l\Iicrodensitometer tr:tce of 9000-cyclc record showing zero shift 
on two different types of emulsions. 

cycle band pass filter in the reproducer amplifier circuit, which 
removes not on ly t he nOOO-cycle signal but also most of the back
ground noise. The removal of the noise is necessary because 
t.he level of t he 400-cycle demodulation signal approaches the 
noise level as the sensitometric conditions approach opt imal. 
To determine the optimal sensitometric conditions, recordings 
of equa l peak amplit udes are made of 1000- and !)000-cycle notes, 
and a 9000-cyclc no te is modulated 75 per cent by a 400-cycle 
note. These recordings arc made at seve ral values of exposure, 
and a series of positives hom each negative is made at different 
print.ing exposures and processed in the normal manner. The 
tunplitudc of each frequency should be adj usted by a known 
and fixed amount below 100 per cent of the galvanometer 
swin,£?;. 
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To provide a uniform method for comparison purposes, the 
output readings must be corrected for aU losses in the measuring 
circuit, such as fi lter attenuation, amplifier response, and 
scanning slit loss. 21 The 400-cyc!c output must also be referred 

FIG. 3G3. Cross-modulation prod
ucts in decibels . us u function of the 
print density. 

to 100 per cent modulation. 
All the corrected output read
ings are then compared to 
the maximum output of 1000 
cycles, as the reference level. 

The results of a set of meas-
urements are shown in Figure 
363, where the level of the 
cross-modulation products in 
decibels below the level of the 
1000-cycle note is plotted 
against the print density. 
This series of prin ts was made 
on standard motion-picture 
positive film from an ultra
violet negative of density 
2.00 and white-light control 'Y 
of 2.50. The distortion ap
proaches a minimum at a den
sity of about 1.30, bearing out 
an earlier statement that as 
the image spread in the nega

tive is diminished, its density with respect to that of the print 
must be increased. 

The rclaLion between the cross-modulation products a nd 
harmonic distortion can be derived by a method similar to that 
used for variable-dem;ity intcrmodulation tests provided the 
same assumptions arc valid for the distortion process; namely, 
that the photographic process causes a second-order Jistortion, 
so that the output is related to the input current, x, as follows: 

( I ) 

The input current, that is, the modulated signal recorded on the 
film, is 

(2) 
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where 11l2 is the maximum amplitude of the unmodulated carrier 
signal whose frequency is W2 and m is the modulation of the car
rier by the signa l whose frequency is w. . Substituting equation 
(2) in (1) and omitting all terms but the square term, Ulil.t is, 
the term contributing to the second-order distortion com
ponent, Y•: 

Y• = a21th2 sin2 w.zt + ct?.tn2ml sin2 w1t sin2 W:Jl 
+ 2a2tn1n<.!2 sin w1t sin2 w,.t. (:{) 

The method of measuring cro~s-modulation products just 
described makes use of only the components whose frequency is 

Only the third term in equat ion (3) can produce w 1 com
ponents. T his term reduces to 

~mm22 sin w1t - ~mm22 sin w1l cos 2W2l, (4) 

of which the fi rst term is measured. The measurement is the 
ratio of t he w1 component t o the amplitude of a sinuwidal wave 
having approximately the same peak amplitude as equat ion (2) 

cross-modulation ratio = m:~:;1:~.:'h = t-::7
::: • (5) 

For the single-frequency harmonic test, 

(G) 

Substituting (6) in equation ( l ) , the distortion component, y\, 
is 

Y'• = a2(ml + mm2)2 cos2 wzl 

= ~ (11h + mm .. l)2 + ~ (tn:J + mm.zF cos 2W2t. (7) 

The ratio of the second-harmonic component to the funda-
mental is 

a.z(m2 + mm~)2 a2(m~ + 11t17Jz) 
2(mz + mm2) 2 · 

(8) 

The ratio of cross-modulation products to second-harmonic dis
tort ion is given by the ratio of equation (5) to (8) and is 

(9) 
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For the usunl value of m of 0.75, t he ratio of cross-modulation 
products to harmonic distortion is 0.49. While the photo
graphic process may produce third-order distortion component.<;, 
their derivation is not considered here, because the products arc 
of frequencies which are not measured in the usual cross

·modulation test. Equation (7) contains a rectified component, 

~ (m: + nm1,.)\ which is related to the cross-modulation prod

ucts, and has already been suggested as a simple means of 
determining the optima l processing conditions. This method, 
known as zero shift, was discussed in connection with Figure 362. 
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metrical dye is seen to be very close indeed to the arithmetic 
mean or the wave lengths of the related parent dyes, in spite of 

ru:)~H-(CH~CH).-BN 1ft) 
Et I I-

l0:)c-CH~(CH-CH)2NEt ) 
Et• 1-

(a) 

( 18) 

(b) 

[ 0 0 E ] (Hl) EtN<::)==CH-(CH~H).--oN ;:t 1_ 

t he fact that the pitrent dyes differ widely in absorpt ion. 
It has been shown t hat the relationship described above docs 

not hold if the two nuclei in the unsymmetrical dye a re of widely 

IDUHIHIUlil 
<420 soo 600 1"00 800 

Fw. :i79. Valucs of A,u in mctlmnol of a series of three unsymmetric:tl 
cyanincs of the strueturl'l sh(own in formula ( LS) when n ,. 0, I, 2 (e ); t hosl'l 
of the p:1rcnt symmetrical dyes of the structure shown in formula (16) 
when n = 0, I , 2 (o) ; and in formula (19) when n = 0, I, 2 (.6..). 

different basicity.9 If one is strongly basic and the other very 
feebly basic, the unsymmetrical dye \Vii! absorb at shorter wave 
length than that calculated from the maxima. or the symmetricn l 
dyes. Furthermore, t he discrepancy between the observed a.nd 
calculated vnlues increases as the length of t he chain increase:-;. 
This is illustrated by the unsymmetrical series (20) (n = 0, 1, 2), 
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the absorption maxima for which are given in F igure 380 with 
those of the related parent dyes. It is seen that the un.sym-

(a) 

(20) 

(b) 

mitllllfl 
soo 600 Too eoo 

~r 

FIG. 380. Values of Amnx in methnnol of a series of unsymmetrical 
eyanine dyes of the structure shown in formub (20) wlJCn n = 0, 1, 2 (0) 
and those of t he parent symmetrical dyes in formula (Hi) but containing 
nitro groups in the 6 nnd 6' positions, when n = 0, 1, 2 (o) and in formula 
(18) when n = 0, 1, 2 (6). The sotid dot (0) indicates t he arithmetic me:u1. 

metrical dyes absorb at a ppreciably shorter wave lengths than 
those ca lcu lated, the discrepancy, indicated by the dotted li nes, 
increasing as the chain joining the nuclei is lengthened. It 
follows that for such unsymmetrical dyes as (20) the relation 
between Amu and the number of double bonds is no longer linear. 

Influence of the Position of Attachment of Quinoline Nuclei in 
Cyanine Dyes 

lt has been poi nted out on page 998 that the 2-quinoline 
nucleus (14, h) gives r ise to cyanines of lighter color than those 
containing the 4-quinoline nucleus (14, k). The absorption spec
tra (in methanol) of the symmetrica l monomethine cyanines 
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containing t hese nuclei (and with ethyl groups attached to the 
nitrogen atoms), (21 ) nnd (23), arc given in Figure 381. It is 

0 

0 

():Leu -CD 
Et Et l 

I, I '-rliethy!-2,2'-cyanine iodide 

(XLCH-81\ft Et 
1,1'-dicthy!-2,4'-cyu.nlne iodide 

EtN8-CH-8N f~t 
1,! '-diethyl-4,4'-eya.nineiodide . 

t- ~-

II 1/ . 
' 

1/ 

soo ""' 

(21) 

(22) 

(23) 

' 

0 

}~IG. 381. Absor pt ion spectra in methanol : A, formula (21) ; B, (22) ; 
C, (23); D, (24); E, (25); and F, (26). 

seen that dye (23) (curve C) absorbs with a maximum at longer 
wave length than dye (21) (curve A). This difference may be 
correlated with the fact that the dye with the nuclei linked 
through the 4 position (23) contains a longer conjugated chain 
than dye (21). Thus, the chain joining the nitrogen atoms in 
dye (23) comprises seven carbon atoms and contains four double 
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bonds, whereas that in dye (21) comprises only three carbon 
atoms with two double bonds. 

If a 2-quinoline nucleus is linked to a 4-quinoline nucleus (22), 
the absorption (Figure 381, B) fa lls almost exactly midway be
tween the absorptions of dyes (21) and (23), and this may be 
correlated with the fact that in dye (22) the conjugated chain 
between the nitrogen atoms is of intermediate length between 
those in dyes (21) ~nd (23) and comprises five carbon atoms with 
three double bonds. An arrangement identica l with that of dyes 
(21), (22), and (23) exists in their next higher vinylene homo
logues, (24), (25), and (2U), the absorption spectra of which are 

O:::LcH-CH~H-CD ' (Z4) 

Et Etl 
1,1'-diethyl-2,2'-<larhocyanine iodide 

(Y'"'L. ' c -8 Et (25) 
VNr--v H- CJT= H ~ ,1 N I , 

Et 
1,1'-dict.!oyl-2,4'-rnrhocyaninc iodide 

EtNSCII-CH~CH-8N F'· <26) 

l,J'-dicthy!-4,4'-carbocyaninc iodide 

a.lso shown in Figure 381 (curves D, E, and F). It is of interest 
to notice the much higher values of the molecular extinction 
coefficient, t, for these trimethine cyanincs compared with the 
monomethine cyanines (curves A, B, C) , This increase in ~,,a.x in a 
vinylene homologous series with increasing length of chain is a 
general phenomcnon, 1~ although one not without exceptions. 

Nomenclature of the Cyanines 

The terms cyanine, carbocyanine, dicarbocyanine, etc., have 
already been defined. The method used to indicate the nuclei 
present in a cyanine was developed as follows : 

The earliest known cyanines were monomethine dyes in which 
both nuclei were derived from quinoline. Since no other nuclei 
were involved, it was not necessary specifically to indicate the 
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presence of quinoline, but only the point of att.achment of t,he 
q uinoline ring, it having been ea rly rmdized that this could be 
linked through either the 2- or the 4-posit ion (cf. preceding 
section) . This was done indirectly by designating that type in 
which both q uinoline rings were linked through the 4-positiou 
(23) as a. cyaninc, this being the first type discovered.*14' Lntcr, 
dyes in which a 2--<]uinoline uuclem; was linked to a 4-quinolinc 
nucleus (22) were d iscovered ,11 and these were distinguished as 
isocyanines. The remaining t ype with two 2-quinoline nuclei 
(21) was prepared much later 1 ~ and was first called pscudoUo
cya.nine and then pseudocyaninc.19 

I n modern usage, t he omission of a special prefix to desigtutte 
quinol ine is rcLained, but numbering is used to designate the 
posit,ion of aUaclnncnt of the nuclei: type (21) heing t.e rmed a. 
2,2'-cya.nine; (22), a 2,4'-cyanine; and (23) , a 4,4'-cya.nine. 

If t he chains ;u·e longer t han the single methiue bridge =CH- , 
the requisite additional prefix is introdueed. Thus (24) is C3IIcd 
a 2,2'-cnrbocyaninc and (19) (n = 2), a 4,4'-dic:ubocyauine. 
The alkyl groups are indicated by the numbering employed in 
the parent l'ings, so that the full name for (24) becomes 1,1'
diethyl-2,2'-carbncyan£nc iod£dc. 

The presence of nuclei other t han quinoline is indicated by a. 
suitab le prefix. T he benzot hiazole nueleus is ind icated by lhia 
and, thus, (15) is named 3,3'-d iethy! Lhiacyaniue iod ide, and the 
unsymmetrical dye ( IS) (n = 1) is named 1',3-diethy lthia.-4'
carbocyanine iodide. In this name, as in general, t he nucleus 
de1>ign:tted seco nd is primed. 

T he bcnzoxazole nucleus is ind icated by oxa; benzo.<:elenazole, 
by .~elena; thiazolc, by thiazolo; thiazoline, by thiazolino, and so 
on ; bu t t his method of naming has certain disad vantages, ~tnd 

an alt.crna.tivc system is used in Beilstein's Handbuch, according 
to which, for example, (24) becomes bis[l-ethyl-quinoline-(2)] 
lrimelhincyanine iodide and (18) (n = 2) becomes [S-ethyl
benzotltiazole- (2) ]-[1 -ethyl-quinoline-(4) J pcnlmnethincyanine 
iodide. 

• T he dillt'O\'"ry vf the first "ynninc hy Wi!linm~ in lR.'o6 plnC('S the d!\88 umvn11: The 
\'cry ol<lc~t ~<Yilthetic dy('ll, l ho fir~t <>f t]n.,.., hn,·inl( J..,.,n Jlr~'l>:lr<>d hy Perkin in The Oillllll 
y cnr. The benutiful hlue color uf Will iur""' dya •ulfg<t~~t.P.d t he nnmc cyn,;,rr ((;k. ~li"'W" 
"' d11rk blue) , w hich. ill turn , lull! pw,·idcd 11 nurn~ for t he whole W'QIII• of rela ted d~,c~ 
nlthou~~:h t hey "'"Y now hoof prlUlti~a.lly n.ny eolor·. 
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M ethods of Synthesis of Synunetrical and Unsynunetrical Cya-
nines. 
General. The reactions leading to the formation of cyanines 

are of the condensation type, i .e. , two (or more) molecules of 
reactants are broug;ht together under suitable conditions, and dye 
is formed with simultaneous elimination of simple molecu les, 
such as those of mineral acid, mercaptan, a lcohol, water, anil ine, 
or acetanilide. The components taking part in these reactions 
may be divided into two categories : The first component (A) con
tains reactive hydrogen, which furnishes the (ionizable) hydrogen 
of the mineral acid, mercaptan, alcohol, and so forth, listed 
above. The second component (B) contains a reactive negative 
atom or grouping such as halogen, cyano, alkyl- or arylmercapto, 
alkoxy, anilino, or acetanilido which combines with the reactive 
hyd rogen of component A. 

For a cyanine dye to be formed from a condensation reac tion, 
either component A or component B or both must contain the 
necessary heterocyclic rings. Heterocyclic components of type 
A a re essentially quaternary salts of heterocyclic bases contain · 
ing methyl groups, such as quinaldine ethiodide (27), 2-methyl
benzothiazole ethiodide (28), and lepidine ethiodide (29). In 

())_ CH1 
()s" #C-CI-Ia 

'N/ os· " 
Etl Et i Etl 

quinaldine 2-methylhen?,Qthinzole lepidine 
cth iodidc ethiodide cthiod ide 

(27) (28) (29) 

these compounds, the methyl groups occupy the a - or r-position 
with respect to the nitrogen atom and are very reactive, losing 
hydrogen readil y in condensation reactions. The reactivity of the 
methyl groups in these salts is doubtless related to their ability to 
y ield external methylene bases, such as (30), (3 1), and (32) : 211 

OS" 
N/~H, 
R 

(31) 

t;(Ht 

OJ 
R 

(32) 
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Heterocyclic components of type B are usually quaternary 
salts (sometimes bases) having a negative atom or grouping 
linked to the a- or ')'-carbon atom of the heterocyclic nucleus, 
either directly or t hrough a vinylene or polyvinylene chain. As 
examples of intermedia tes of this kind may be cited 2-iodoquino
line ethiodide (33) and 2-ethylmercaptobcnzothiazole cthiodide 
(:l4), in which the negative groups arc linked direct ly to the 
heterocyclic nucleus, and (35), in which the group is linked to 
the nucleus through a vinylene group: 

2-i:xbquinolinc 
cthiodidc 

(33) 

08"c-s!lt 
K/' 

Et l 
2-elhylmcn:npto-

bcn1.0t.hinwlc 
cthiodide 

(34) 

OS" "c-cn~cn-NAcPh 
:r/' 

Et l 

Non-heterocyclic components cf type A comprise malonic and 
glutaconic acids, cyclopentadiene, and indene. Non-heterocyclic 
components of type B comprise a wide variety of substances and 
include formaldehyde, the haloforms, orthocsters of carboxylic 
acids, #-alkoxyacroleinacetal, and dianilides (or their salts) of 
the type PhNH-(CI-l~CII)"-CIJ~NPh, where n ~ 0, 1, 2. 

The methods of synthesis described here are classified accord
ing to the length of the methine or polymethine chain. Only 
t he more important reactions can be dealt with, however, and 
for a more detailed account of synthetic procedures, the litera
ture should be consulted. The reactions conform to three gen
eral type!:! : 

T ype I, in which both components are heterocyclic; 
T ype II, in which only component A is heterocyclic ; 
T ype III, in which only compon~nt B is heterocyclic. 

Certain special types of cyanines are described in sucr>.eerling 
sections, and the methods by which t hey may be obtained are 
indicated in t heir respective sections. 

Monomethine or" simple " cyanines. A very general reaction 
for preparing monomethine cyanines is that between a hctero-
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cyclic quaternary salt containing reactive methyl of type A , such 
as (27)- (29), and a heterocyclic component of type B, such us 
(33) or (34), this being a reaction of type I. 

If the negative group is iodine, the reaction is : 

(28) (33) as" M + zHL 
/~CH--l.N-\) 

N Etl 
Et 
l,J..diethy!th i~2'-cyani••c iodide 

(36) 

Hydriodic acid is eliminated between the reactants, and con
densation is therefore promoted by basic condensing agents. 
The benzothiazole salt (28) may be presumed to lose one mole
cule of HI, giving (31); and this then condenses with (33), with 
the loss of a second molecule of acid. Potassium hydroxide was 
employed at first for this type of reaction,1~· 21 but triethylamine 
is superior,22 a.s are the alkali carbonates.23 In the example 
given, the product (36) is an unsymmetrical dye; but the re
active methyl group and iodine atom may be attached to nuclei 
of the same kind and so produce a symmetrical dye. This 
reaction has not failed with any quaternary salts containing 
reactive methyl to which it has been applied,21b.n,u but the 
heterocyclic derivatives containing reactive iodine are more re
stricted in number. 

The place of the reactive iodine atom in the 2- posit ion of 
quinoline may be taken by one in the 4- position, in which case 
dyes containing a 4-quinoline nucleus result.2S 

A second reaction of wide applicability consists in condensing 
a quaternary sn.lt containing reactive methyl with an intermedi
ate containing an alkyl- or arylmercapto group in a reactive 
posit ion. The elements of acid and of mercaptan are eliminated1 
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the former combining with t he base used as condensing agent: 

0'0'- /SX) 
"'C-CHa + RS---C~ -

'NJ ~N 
Et l Et l 

2-methyl
benzuxazole 

ethiodide 

(37) 

2-alkyl (aryl)mer
Ct!.ptohenr.othiazole 

ethiodiolc 

(38) 

0'0'-c~H-C/SX) + RSH + HI. 
'N/ '\_N 
Et Etl 

3,3'-diethyloxathiucyaniueiodide 

(39) 

This method appears to he limited only by the availability 26 of 
t he necessary mercapto-intermediates, a.!though a wide variety 
of these have been used. 

A method of limited applica bility but of considerable histori
cal interest consists of the condensation under the influence of 
a lkali of a quaternary salt containing reaetive methyl \Vith a 
quinolinium salt having a free 4- position , acid being eliminated 
as well as two atoms of hydrogen. The latter is probably taken 
up by the excess of quinolinium salt that it is ad vantageous to 
employ. 20 • 27 The reaction is of considerable value in the prepa
ration of dyes in which at leas t one quinoline ring is li nked in 
the 4- position, and the early syntheses of 4,4 '-cyanines and 
2,4 '-cyanines were of t his type_ It seems probable that con
densation takes place through the intermediate formation of a 
pseudo-base, sueh as (41), which may be regarded as a hetero
cyclic compound with a reactive group attached. 

M~M~~H 
v'N) v'N) UNJ 

Etl EtOH Et 
quinoline 
ethiodide 

a mmouium 
haRe 

pseudo
haHC 

(40) (41) 

In the monomethine cyanine series, there -is but one known 
synthesis of type IL This consists in heating a quaternary salt 
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containing reactive methyl with amyl nitrite in acetic anhydride 
solution. Amyl alcohol and the elements of mineral acid and 
of hydrocyanic acid arc eliminated in this reaction, which appears 
to be of limited applicability and is best applied in the thia
cyanine series : 

This method was used by Fisher and Hamer in the preparation 
of oxacyanin.cs,u such as (42) , which is of especial interest in that 

(42) 

3,3'-diethyloxacyn.nineiodide 

it absorbs so far in the ultraviolet (Amnx 370 m.u) that its solution 
is colorless; it was, in fact, the first colorless eyanine to be 
obtained. 

Trimethine- or carbocyanines. Syntheses of symmetrical car
bocya.nines usually consist in the condensation of two molecules 
of n quaternary salt containing reactive methyl with a substnnce 
which pl'ovides the central =CH- of the three-carbon chain. 
Thus, Homolka obtained 2,2'-carbocyaninc by treating with 
alkali a mixture of the ethiodides of quinaldine and quinoline 
to which formaldehyde had been added.29 The quinoline ethio
dide takes no active part in the reaction: 

M +H,CO+ -CO~ VK'J-cn~ H3C 'N/ 
Et l Et l 

cx:Lcn-cu~cu-CO + n,o + m + H,. 
Et Etl 
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The formaldehyde may be replaced by a haloform ;30 and, in this 
case, only acid is eliminated from the reactants. 

The most generally satisfactory method for the preparation 
of symmetrical carbocyanines is due to KOnig 31 and consists in 
the condensation of a quaternary salt containing reactive methyl 
with ethyl orthoformate. In this reaction, alcohol and acid are 

eliminated, and the -tH- group of the orthoester provides 
the cent ral =CH- group of the dye, thus: 

00--cn, + HC(OEt), + cnr-(D ~ 
ELI Et l 

quinaldine 
cthiodide 

ethyl 
orthoformate 

o:;LCH-CH~H--m + 3 EtOH + HI. 

Et Et l 
1,1'-dicthyl-2,2'~rbocyanine iodide 

KOnig used acetic anhydride as a medium for the reaction; but 
Hamer 32 showed that greatly improved yieldS could be obtained 
by the use of pyridine, and her method has become standard for 
the preparation of dyes of this type. Symmetrical carbocya
nines containing a wide variety of nuclei are thus obtainable. 

Hamer further extended the method to t he preparation of dyes 
with the chain = CH- CMe=CH- by the use of ethyl ortho
acetate in place of ethyl orthoformate, but this reaction cannot 
be applied to as many different types of quaternary salts as the 
orthoformate synthesis. The use of many other orthoesters of 
carboxylic acids in this type of reaction has been described by 
Brooker and White, so that a large number of symmetrical dyes 
have been prepared containing t he chain =CJ-1-CG=CH- , 
where G represents a variety of substituent groups. 

A number of syntheses of type I are known in the carbo
cyanine series which are of especial value for the preparation of 
unsymmetrical dyes. The latter could theoretically be obtained 
by the condensation of a mixture of two different quaternary 
salts with formaldehyde, a haloform, or an orthoesteri but the 
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desired dye would be expected to be contaminated with the two 
related symmetrical dyes from which it could only be separated 
with considerable diffi culty. However, this type of reaction has 
been applied successfully to the preparation of dyes of the 
2,4'-carbocyanine (dicyanine) type 1Y but has otherwise been little 
used.33 

A general method for the preparat ion of unsymmetrical carbo
cyanines has been devised by Piggott and Rodd 34 and consists 
of the treatment of a quaternary salt containing reacti ve methyl 
with diphenylformamidine to give an intermediate capable of 
condensing with a second quaternary salt to give the desired dye. 
The first step in the synthesis may be brought about by fusing 
the components together or by heating them in acetic anhydride, 
in which case an acetylated intermediate such as ( 43) is formed. 

o:)ccH, + PhN==CH-NHPh ~ 
Eti 

diphcny!formamidinc 

0'8';c-cH~CH-NAcPh + o~CCH, ---+ 
~, N, 
Et l Etl 

2·P-neetanilidovinyl-
benzothiawlc ethiodide 

(4J) 

o:>==Cn-cn~cn-<::0 . 
Et Etl 
3,:J'-diethyloxathiaearbocyaninc iodide 

(·14) 

This reaction has enabled a large number of unsymmetrical 
carbocyanines to be prepared by workers in several laboratories. 
Working in media other than acetic anhydride, Ogata found 
that the acetyhted intermediates gave much higher yields of 
product and were, t!1ercfore, norc reac tive than the unacetylated 
compounds.n 

Chain-substituted unsymmetrical carbocyanines have been 
prepared by several methods. Brooker and White 3~ have pre-
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pared reactive ketones, such as (45), by treating quatcrmtry salts 

"'ccui + Cico ~ "'c=cH-6o aS, yH• aS, CIT, 

N/ N/ 
lU It 

2-acet ylmethylcne-
3-lllkyl-benr.othiazoline 

(-15) 

containing reactive methyl with acid chlorides in pyridine solu
t ion; and t hese ketones undergo condensation with a. further 
proportion of quaternary salt in boiling acetic anhydride solution 
to give unsymmetrical dyes such as (46).37 

( yS" Me /S~ Ac o VN/~n-co + n,cc"N .2~ 
1\ RX 

(yS" Me /s~ 
VN/c~cH-c~cn-c"N 

R U.X 

33'-dmlk\1-9-mcthyl-
4 ',5'-benwthiacarbocyaninc Sll.!t 

(·16) 

A second method was patented by Koslowsky 311 and consists 
of the preparation of intermediates by the condensation of a 
quaternary salt containing reactive methyl with a substance of 
the type of ethylisothioacctanilide (47). The reaction is sup-

Me 
+ C1Hr.S---c=NPh 

cthy!lsotlo io
n.cetanilide 

(47) 

aS" Me 
Ac 0 /C--CH~C--SEt 

/ E~i 
mcrcapto intermediate 

heat aS""- Me 
\. /C--CII~NHPh. 
alone N / 

Etl 
anilino intcrmedil~tc 

(48) 



THE SENSITIZING AND DESENSITIZING DYES I 01 3 

posed to ta.ke different courses, depending upon whether it is 
induced by heating the components a lone or in the presence of 
acetic anhydride, t he latter leading to a mercapto intermediate 
and the former to a.n anilino intermediate (48) ; but both types 
arc stated to give cha in-subst ituted carbocyanines on further 
treatment with a quaternary salt containing reactive methyl. 

Several interesting reactions of type III are used in the ca.rbo
cyanine series. One leading to unsubstituted carbocyanincs was 
discovered by Kendall 39 and consists of the reaction of mercapto 
intermediates with glutaconic acid, the latter supplying t,he 
three-cnrbon ehain of the dye. This method is of use where 

Glutllf..'(}nic ncid 

08'-c~cH-cH~H-c/8:() 
N/ '\,N 
:rvle McX 

3,3'-dimethylthiacarbocynninc salt 

mercapto intermediates are available but not the corresponding 
salts with reactive methyl. Similar reactions have been c..'l.rricd 
out by Kendall with compounds in which the -CH 2-CH =CH
cha in forms part of a cyclic system, e.g., cyclo-pentadicne and 
irH.lene, the products being carbocyanines in which the three
carbon chain itself forms part of one of these cyclic nuclei, e.(]., 
(49) a nd (50)." 

(Y']cn-yn("y') 
Vw"=h-cH~wV 

).'le Me I 
J, J'-dimcthyl-9,10-vinylene-2,2'

curboo:yaninc iodide 

(49) 

as'-c2e-c!s:() 
N/ '\,N 
Me Me l 
3,3'-dimcthyi-..<;,J()...o...phcnylcnc

thiacarbocyanine iodide 

(50) 

Pentamethine- or dicarbocyanines. The first mention of Ute 
preparat ion of dicarbocyanines was made by W. Ktinig,41 who 
indicated that t hey were obtainable by the treatment of quater-
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nary salts containing reactive methyl with ,8-ethoxyacrolein 
acetal (51), the reaction being similar to that by which he ob
tained carbocyanines using ethyl orthoformate (p. 1010): 

0'8" .c-cn, + EtO-CH...CH-CH(OEt), 
'N#' 
Et l 

,B-ethoxyacrolein acetal 

3,3'-diethylthiadicarbocyanine iodide 

(52) 

In spite of the practical and theoretical significance of the dyes 
involved, this brief reference was not followed by a more explicit 
account, although it is stated that many dicarbocyanines were 
made by this method.42 

The first detailed account of dicarbocyanines was given by 
Beattie, Heilbron, and Irving/ who condensed heterocyclic salts 
containing reactive methyl with certain dianilidcs, e.g., a-bromo
,8-anilinoacrolein anil (53), the resulting dyes having the chain 
=CH-CH=C(halogen or nitro)-CH=CH- joining the nu-

CXs"-
2 N/CCH, + PhN...CH-CB<=CH-NHPh ~ 

Eti 
a-llromo-P-anilinoaerolcin ani! 

(53) 

CXS".C...CH-C!·I...CBc-CH~CH-C/SY'J_ 
N/ ,NA) 
Et Eti 

10-llromo-3,3'-diethylthiadicarboeyanine iodide 

(54) 
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clei. H eilbron and his colleagues worked on these chain-substi
tuted dyes because the corresponding dianilides, such as (53), 
were more accessible than the unsubstituted compound (55), 
a lthough that behaves similarly.43•44 

By the condensation of equimolecular proportions of the un
substituted dianilide (55) and a quaternary salt containing reac
tive methyl in acetic anhydride, Piggott and Rodd4~ obtained 
an intermediate, such as (56) , capable of giving symmetrical or 
unsymmetrical dicarbocyanines on treatment with a second 

as"- Ac,O 
,G-CH, + PhNH-CH~H-CH~NPh ----'-+ 

N/ 
Etl 

,8-nnilinoacrolcin ani! 

(55) 

O,S;c-cH~CH--CH~H-NAcPh 
'N/ 
Etl 

2-(4-Acctanilidobutadienyl)benzothittwle ethiodide 

(56) 

equivalent of quaternary salt, while similar intermediates (but 
unacetylated) are described by Zeh.46 

H eptamethine- or tricarbocyanines. In these dyes, the hetero
cyclic nuclei are linked by a chain of seven carbon atoms. T hey 
are described by three sets of workers. Wahl condensed the 
quaternary salt (57) (or the corresponding methylene base (58)) 
with a pyridinium compound, such as (50), or with a dye, such 
as (60), obtained by cleaving (59) with mcthylanilinc, as indi-

Mel 
2,3,3-trimcthyl

indolcninc 
methiodide 

(57) 

a~>~~CH, 
Me 

1,3,3-trimcthyl-2-
rncthyltmeindoline 

(58) 

y'O,, NO, 
Cl NO, 

2,4-dinitrophenyl
pyridinium 

chloride 

(59) 
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[)'(""" /Me] 
N- CII==CII- CII= CII-Cir= N 

Ph/ " l'h Cl 

gluta.oonnldehyde dimethylaniliJ c chloride 

(GO) 

catedY With equimolecular proportions of the reactants, an 
intcrmedi1~t.e is formed of the type of (01) where (59) is used, 
the pyridine ring being broken in only one plaee, and (62) where 
(HO) is u::;ed;~8•4~ but with two proportions of salt toone of (59) or 

(62) 

(GO) the symmetrical t ricarbocyanine (03) is formed, t he five
carbon chain in (59) or in (60) forming the central port.ion of t he 
tricarbocyaninc chain. 

1 ,3,3, I ',3 ',3' -hc:o.uncthy linJotricurbocyiLninc iodide 

(63) 

PigJ!;ott and Rodd also carried out a similar condcnsa.tion with 
(flO) to give (G3),4'' while Fisher and Hamer 8 prepared a wide 
variety of t ricarbocyanines from intermediates of the t ype of 
(5~)) or (GO) , preferably the latter , using alcoholic caustic alkali 
in most instances to cffcet t he condensation. Brooker improved 
the yields of tricarbocyanincs by using piperidine or tricthyl-

• 
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a mine to effect the condensations i>O and succeeded in preparing 
4,4'-tricarbocyanines, such as (64) (xeuocyanine), which were 
not obtainable using alcoholic caustic alkali. 

EtNBCH-CII~H-CH~ll-CH~H-8N f' 
1,1'-dicthyl-4,4'-tricarbocyaninc iodide 

(64) 

A number of unsymmetrical trica.rbocyanines were prepared 
by Zch using intermediates of the type of (62).~">~ 

Tetra- and pentacarbocyanines. Just as t he pyridine ring of 
such compounds as (59) undergoes fi ssion to give the open-cha in 
compound (60), so the furane ring in furfural (65) is broken 
open, as indicated, by treatment with an aromatic amine and 
acid, giving a glu taconaldehyde dianilide salt with a hydroxyl 
group as substituent in t he chain (66).~2 l\lore importan t still, 

Furfu ral 

(65) 

ZPhNH 2 
-------+ PhNH- CH=CI-I-CI-I=c--CH=NHPh 

HBr I I 

(66) 

0-(CH=CHln-CHO 
' 0 

(67) 

OH Br 

~ H,8N-CH~H-CH~<(-(CH~CH)o-CH~N8H, 
lh n2 (n1 I I·b H2 

X 
(68) 

the reaction was applied by KOnig to the higher vinylene homo
logues of (65), (67), (n = 1, 2) and, thus, di-tetrahydroquinolides 
of the type of (68) have been prepared, where n = I and 2.53 

These hydroxy dyes are unstable but a re rendered stable by 
acylation , and t he acylated derivatives (69) serve as intermedi-
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ates for the preparation of tetra- and pcntacarbocyanines (70) 
(n = 1, 2) containing, e.(J., an acetoxy group as a substituent in 
t he polymethine chain. Dyes of this type containing the chains 

shown in (70), where n = 0, 1, and 2, were patented by the I. G. 
Farbenindustrie A.-G.u Details of their sensitizing action arc 
given by Brooker and KeYes 12 and by Dieterle and Zch." 

Dieterle and Riester have prepared tetra- and pcntacarbo
cyanines unsubstituted in the chains. Tetrahydroquinoline is 
condensed with P-ethoxyacrolein acetal (51) under the influence 
of acid. The product (71) is hydrolyzed by caustic a lkali to the 

2 +(51)~ 
H2 NH 8 HCl 

H, H,8 8 KOH 

II, N-CH...CH-CH~r H, ~ 
I·h I-I~ J-12 H 2 

1 
(71) 

H,8N-CH...CH-CHO. 

H, H, (72) 
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aldehyde (72), which is condensed with malonic acid or gluta
conic acid to give a di-tetrahydroquinolide (73), (n = 0 or 1, 
respectively), which then serves as an intermediate for the de
sired tetra- or pen tacarbocyanine. 11 

2 X (72) + CH~(CH~CH).---COOH HOAo;Ao,O 

to on 
malonic (n - O)or 

glutaoonic (n - I) acid 

H,gN---CII==CH---CH~(CH---CH).~ 
H: H 2 

(73) 

CYANINES DERIVED FROM QUATERNARY SALTS OF BASES 
CONTAINING REACTIVE SUBSTITUTED-

METHYL GROUPS 

The reactive methyl groups in the quaternary salts thus far 
described are unsubstituted; but KOnig, Kleist, and GOtze con
densed 2-ethylbenzothiazole methiodide with ethyl orthoformate 
and obtained an 8,10-dimethylthiacarbocyanine (74).66 2-Ethyl
and propylbenzothiazole salts were also applied by Zeh and 

(ys"c==e---ea~~s:o 
lJ-N/ Me Me ~N (74) 

Me MeX 
3,3',8,10-tetmmethylthiacarOOcyanine Sl!.lt 

Schneider 57 to the preparation of symmetrical and unsymmetri
cal carbocyanincs as well as of other types; and some of these 
dyes, such as the 7-methylthia-2'-cyanine (75), were patented 

a:>~ (75) 
Et Etl 

I ',3-diethyl-7-methylthia-2'~yanine iodide 
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by Brooker.~8 The latter noted the presence in some of the 
reaction mixtures of deeper-colored dyes of greater solubility."9 

Quatern ary salts with reactive met hy l subst itu ted in a differ
ent way were prepared by Sehwarz.60 For example, the alkine 
(76) is converted by phosphorus t ri-iodide into (77), which on 
J1eating cyclizes into (78) . The a -methy lene in this salt is re
active and forms dyes, such as the benzy lidene derivati ve (79) . 
Similar reactions in t he benzothiazole series y ield dyes such as 
(80) . DeSmet and Schwarz w epared sal ts such as (81) , as indi-

0-cH,CH,OH ~ 0-cn,cn,r ~ 0-?n, 
( "en, 

(76) (77) (78) 

(1 0'8 \::....c-cn~-c/8:0 lNJ-c~H-QNMe, 'N/ \ 1 ~N 
I ' "-bn, ~CH, CH,/' "-r 

(79) (SO) 

(81) 

and these also yield cyanines;61 while Dewael has prepared qua ter
mlry salts of t he type of (82), and t hese y ield cyaninessuch as (83) . 62 

('yS "- /S:o TIC(OEt), 
VN/c- cn2cn2cn2cJr2- c,N ~ 

Et ! Et l 
(82) aS, CH,--GH , / S:o 'c;...t h-e 

N/ "-cnJ' ~N · 
E t Etl 

(83) 
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APOCYAN INES 

Kaufmann and StrUbin obtained a mixture of two dyes, one 
yellow and the other reddish, called xanthoapo- and erythroapo
cyanine, respectively, by heating quinoline ethiodide with caustic 
alk::tli.63 For these dyes, formulas (84) and (85) were suggested 

1,1'-dicthyl-3,2'
apocyanine iodide 

(xnntltoapucyaninc) 

(84) 

Et 
N I 

N 
Et 
1,1'-diclhyl-3,4'

llfl<><')'anine iodide 
(crythroapucyaJJinc) 

(85) 

by KOnig M and later confirmed experimentally by M ills and 
Ord ish. G:> 

These dyes are not important photographically but arc inter
esting because the nuclei in them are joined together directly, 
rather than through a methiue or polymethine bridge. Never
theless, the two nitrogen atoms in each molecule are linked by a 
conjugated chain containing an uneven number of carbon atoms, 
and the apocyanincs conform to the amidinium-ion system, like 
t he rest of tbe cyanincs. As usua l, too, each type gives rise to 
two extreme resonance configurations, of which only one is given 
here in each case. 

"WEIGHT ING '' THE CYANINE DYE l\WLECULE 

It has been shown that the absorpt ion of a cyaninc dye may 
he shifted either by lengthen ing or shortening the chain of 
carbon atoms between t he two nuclei, th is generally resulting 
in big shifts in absorption, or by replacing one or both of t he 
nuclei by others with different color va lues, this resulting in big 
shifts or small, according to the nuclei changed. 

A further method is known as weighting the molecule and 
consists of the introduction of substituent groups or atoms into 
eit her the nuclei or t.he chain connecting them, with, however, 
pre:;ervation of t he general structure. This method is generally 
adopted if relatively slight shifts arc requ ired. 
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According to Nietzki's Rule, the color of a dye is deepened, 
i .e., the absorption is shifted towards the red, the greater the 
molecular weight of substituent groups introduced; but this rule 
has many exceptions, and much depends upon the position in 
which the substituents are introduced. This device was espe
cially used in the isocyanine series by E. KOnig and his collab
orators after unsubstituted dyes of this class had been found to 
be valuable sensitizers.66 The series of absorptions shown in 
Figure 382 illustrates the magnitude of the effects obtained by 
weighting the isocyanine molecule with various substituents. 

The introduction of methyl groups into the 6 and 6' positions 
of 1,1'-diethyl-2,4'-cyanine iodide (ethyl red, (86)), which gives 
(87), shifts the absorption towards the red. Ethoxy groups in 
the 6 and 6' positions (88) are more potent in their effect than 
methyl and cause a greater shift, and dimethylamino groups are 

CO -8,., . . 
~CH ( NEt 

~a· 2' I 
N 
Et 

1,1'-dicthyl-2,4'-cyaninc iodide 
(ethyl red) 

(8G) 

'CH~ 

CH('y'J CH 8N Et VN.b - I 
Et 

1, I '-dicthyl-6,6'-dimethyl-2,4'-cyanine 
iodide (orthochromc T) 

(87) 

Et\XLCH:gNf 1 

Et 
6,G'-dicthoxy-1,1'-diethyl-2,4'-cyanine iodide 

(pinachrome) 

(88) 
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the most powerful of all {89). In practice, these dyes were very 

Mc,NCCLc::gN f' (89) 

Et 
6,6'-di(dimethy l:lmino)-1, I '-diethyl-2,4'-cyanine iodide 

(pinachrome violet) 

Ui:ieful sensitizers, and the names under \Vhieh they were sold by 
the German dye makers are shown under the systematic names. 

A somewhat different mode of weighting the dye molecule is 
by the attachment of benzene nuclei. This is especially effective 

>0 

e 

4 

0 
400 

l-/ 
I 

VI 
/1/ '/ 

""""!"-' 
500 

'>! c 

/I" ;; 
I II 7 

II \ 
'I v I 
I) u l 

[\ 
v 1\\ \ :\ 

t--: f-.-l 
eoo 700 

m!"'-
Fw. 382. Absorpt ion spectra in methanol: A, ethyl red (formula (86)); B, 

orthochromc T (87); C, pinachromc (88) ; D, pinac!Jromc violet (89). 

in the lhiaca-rbocyanine series, and the absorption spectra in 
Figure 383 show the results obtained. The addition of two 
benzene residues to {90), which gives (91), is seen to shift the 
absorption band strongly toward the red, while two benzene 

a:>=oCII-CH~Cll-<::o (!lO) 

Et Et i 
3,3'-dicthylthio.co.rbocyo.nine iodide 
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rings affixed in different positions in the dye molecule, as shown 
in (92), have an additional effect. In general, t he addition of 

(ts/"c~cn-cn~H-c/8 lJ (9!) u,N "'Nu 
Et Et l 

3,3'·dicthyl-0,7; 0',7'-dibcnwthial'flrho!'ynnine imlide 

rx:>~II-CH~CH-<:n (OZ) 
0 Et Etlu 

3,3'-diethyl-1,5; 4',5'-dibenmthinearboeyanine iodide 

benzene rings in t his way deepens the color of a dye, but in cer

~~~ 
e 

" ' 
-

' 

11 ~ 

Fw.383. Absorptionspeetra inmethn.nol: 
A, formula. (00); H, (9 1); and C, (D2). 

tain cUses it produces either 
no a lteration in X,u or even 
a shift in absorption toward 
the violetY 

A further mode of weight
ing that has been closely 
studied, because many of 
the dyes are outstanding 
photographically, is the in
troduction of substituent 
groups into the central 
position of the three
carbon chain of carbocya
nines, giving dyes with t he 
b•·idge ~CH-CG ~CH~, 

in which C is the substitu-
ent group (p. 1010). Thus, 
in the thiacarbocyanine 
(90), t he cen t ral hydrogen 
atom of t he molecule has 
been replaced by the groups 

methy l, ethy l, propyl, n-butyl, n-am yl, benzyl, phenyl, a nd so 
forth; 68 but, rather surprisingly, the int roduction of an alky l 
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group or of benzyl actually shift s the absorption toward the 
blue, methyl being the most effective, and phenyl produces only 
a slight shift toward the red. These c!Tccts are shown in 
Figure 384. 

The methods followed in the preparation of dyes weighted 
with substituent groups are, in gencnd, similar to tlwsc used fm· 
preparing the corresponding 
unsubstituted dyes ; but, the 
yields arc often markedly :lf
fcetcd by the introduction of 
.substituents, and in some 
eases modified methods must 
be adopted. Thus, although 
a good yield of 3,3'-dicthyl-
9-met.l tylt hiacarbocyanine io
dide ((00), but with the chain 
=CH~CMe=CH-) is ob
tained by the eondensation of 
2-methylbenzothiazole ethio
didc with ethyl orthoaeetate 
in the presenee of pyridine, 
and the same method applied 
to 2-methyl-a-naphthothia

'"B Pt>Cfi, -
n-Am 
,-/l.,.., 

n-p ... 
,_p~ 

" 
Mo 

H 
S+o S50 .560 

FIG. :.!84. Value~ of Amu for a 
series of ;~,;{'-diethylthbcarbocy:tniue 
iodi,\cs of the structure shown in 
formu la (90) but with various groups 
G in the carbocy:mine chain, thus: 
=CH-CG= CH-_ 

wle ethiodide gives (91) (with =CH~CMe=CH~) but in lower 
,yield, it fails completely with the isomerie salt 2-methyl-13-naph
thothiazole ethiodide, 69 which would be expeeted to give (92) 
(but with =CH~CMc=CH~). However, the use of 2-methyl
/3-naph thothia:wle etho-p-toluenesulfonate in place of t he iodide 
enables the desired dye to be obtaincd.70 

AZACYANINES 

It is possible to prepare cyanincs in which a =CH~ group 
in the methine or polymcthine chain is replaeed by =N~_ Such 
a dye is called an azacyanJnc, 71 The first dye of this class (03) 

W.N-00 (93) 

Me l\Iei 
1,1 '-dimethyl-9-aza-2,2'-cynnine iodide 
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was prepared by Hamer. 72 A number of other azacyanincs have 
been described 71 in which the two nuclei are linked directly 
t hrough =N-. In all cases, they are lighter in color than the 
corresponding cyanines with =CH-. 

In the carbocyanine series, one or more of the =CH- groups 
of the =CH-CH =CH- chain may be replaced by =N-. 
Thus, dyes with =N-CH =CH- are described by Kendall 73 

and with =N-N=CH- by Fuchs and Grauaug 74 and Fisher 
and Hamer.71 All of these are lighter in color than the corre
sponding carbocyanines with =CH-CH=CH- . Dyes with 
the chain = N-CH=N- are described by Fisher and Hamer 
and are very much lighter in color than the related carbocya
nines. Kendall has poi1\ted out that if the aza group =N- is 
introduced into the conjugated chain so that there are un
even numbers of carbon atoms between it and the termina l 
nitrogen atoms of the chain, t he dye is a sensitizer; if the 
in terven ing carbon atoms are even in number, the dye is a 
desensit izer. 70 

CYAN INE DYES CONTAINING THREE NUCLEI 

A few types of cyanine dyes containing three heterocyclic 
nuclei are known. 

In 1925, H . T. Clarke, while prepa ring 1,1'-diethyl-4,4'-carbo
cyanine (kryptocyanine), found that a second dye was fo rmed 
in smaller amount , which was less soluble and which absorbed 
and sensitized farther in the infrared t han kryptocyanine.76 This 
was called neocyanine and was investigated by Hamer,77 who 
suggested formula (94) for it , according to which t he molecule 
contained three nuclei and two acidic radicals; but the modified 
formula (95) was suggested in 1933.78 A t hird formula (96L 

EtN&H-<?=CH-BN f' 

& (W) 

Etl 
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0 _gEt EtNQ=cH- C=CH ~ .-? N I 

tH 
bH 

6J 
Et l 

neocysnine ethiodide (?) 

neocyaninccthiodide (?) 

1027 

(9.1) 

(96) 

isomeric with (95), is regarded as more probable by W. K6nig; 79 

but the matter has not yet been decided unequivocally. The 
absorption of neocyanine is very similar in general shape to that 
of kryptocyanine, as shown in Figure 385. 

Trinuclear dyes which, doubtless, have a similar bridge to neo
cyanine but contain three thiazole nuclei instead of three 4-quino
line nuclei are described in the patent literature,80 and Ogata 
found that the preparation of other carbocyanines may be modi
fied to yield t he corresponding trinuclear neocyanine types. st 

That derived from benzothiazole, for example, is similarly deeper 
in color than the norma l earbocyaninc; and the absorption spec
tra are otherwise very similar in shape (Figure 386). 

Members of a second group of trinuclear cyanines have been 
"prepared independen t ly by different workers, 82 a general method 
being the condensation of a quaternary salt containing reactive 
methyl with carbon tetrachloride or tetra bromide in the presence 
of alknli. Tins method of synthesis clearly indicntes the nature 
of the linkage in these dyes as shown in that derived from lepi-



'a 
;;, 
w 

0 

0 

1-1-t--

/ 
f-

5~0 600 

~ 

' 
\ 
\ 

I 
II 

1\": 
v I\ 

\ 

mr-

c 
I/ 

I 1\ 
I \ 

I \ 
\ 

f"-~ 

"" II' 
1'-

8 00 

Fta. 385. Absorptions in methanol : A, 1,1'--d.icthyl-4,4'-cnrbocyanine 
iodide (kryptocyanine) , formula (20); R, formub (97); C, neocyaninc 
cthiodide, formula (95) or (90). 
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FIG. 386. Absorptions in methanol: A , 3,3'-dimcthylthiuearbocyaninc 

iodide, formula (90) but with Me groups in plncc of Et; IJ, formula (98); 
C, the ncocy;minc corresponding to A. 
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dine cthiodide (97). In this dye one anion is shn rcd by the 

CH, C) -8 
3 ("{') + CCI. ~ EtN<:)=CII- C=CH ~ 0 N pt 

VNJ 6n 
llt l II co 

(97) 
Et 

three nitrogen atoms, and there are three identical ways of 
writing the formula corresponding to three extreme structures 
between which the dye is a resonance hybrid. 

The absorption spectrum of (08), which is a t rinuclear dye of 
the type of (07) but contains three benzothiazole nuclei, is shown 
in Figure 386 (curve B). 

(98) 

Trinud ear cyanines of a third type were prepared by Brooker 
and Smith.83 In them a quinoline nucleus is linked through the 
2- position with a second heterocyclic nucleus and through the 
4- posit ion with a third, as shown in (99), in whieh these ~cond 
and third nuclei are derived from benzothiazole. This dye is 
p repared by the condensation of 2-methylbenzothiazole etho-p-

CH~<::O 
o)_CII~~(S:Q 

Etl ~t 

(99) 

tcluencsulfonate (2 mols) with 2,4-diiodoquinoline ethiodide (p. 
1007), and in it, as in (97) and (98), one acidic radical is shared 
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by three nit rogen atoms, and there are consequently three ways 
of writ ing the formula, each corresponding to an extreme reso· lO;;m 0 • 

~.o a 

2 .0 

'i . 
AOO 500 4ii00 

F1o. 387. A, absorption spectrum 
in methanol, formula (98); B, sensi
tizing spectrum of formula (08) in B 

silver chloride emulsion. 

nance state; but in (99), un· 
like (97) and (98), no two of 
the three extreme resonance 
configurat ions are the same, 
and in (99) the linkages pre
sent a re characterist ic of three 
distinct cyanine types, i.e., 
thia-2' -cyanine, t hia-4' -cya
nine, and, in a sense, thiadi
carbocyanine. The absorp
t ion curve is complex (Figure 
387·B), consisting of two sep· 
arate bands, which is ascribed 
to the CO·existence in the 

molecule of the different modes of resonance enumerated, 
although a somewhat different interpretation is given by Lewis 
and Calvin.13 

Dye (99) is a good sensit izer and provides an especially inter
esting example of the relation between absorption and sensitizing 
bands. If a silver chloride emulsion is sensit ized with the dye, 
the sensitivity curve shows two distinct peaks, which are closely 
related to those of t he absorption band (Figure 387-A). 

BASES RELATED TO THE CYANINE DYES 

The cyanines are complex quaternary salts, and removal of 
a lkyl ha lide from the molecule should, theoretically, give bases 
capable o£ combining with alkyl halide to re-form the original 
cyanines. 

Examples of both types of reaction are found in the literature. 
Thus, Mills in 1922 84 prepared the base (100) (n = 0), which 
by the addition o£ ethyl iodide yielded the cyanine (101) (n = 0) ; 
but many years elapsed before the reverse process was accom
plished and Schwarz sa prepared the base by heating the cyanmc 
with a large excess of diethylaniline, the latter presumably com
bining wi th t he ethyl iodide spht off from the dye. Th1s latter 
method has a lso been used to prepare the bases from the thia
earlxr and thiadicarbocyanines (n = 1 and 2, respect ively), and 
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(a) 0:>-GH-(CH==CH).-<::O 
Et 

(100) 

(b) 

+Etl t t -Etl 

a:>==CH-(CH~CJI).-<::0 (101) 

Et Etl 

the absorptions of the three bases have been compared with tlw~e 
of the three cyanines. 9 

"Tnf4 - -
Fw. 388, Absorption spectra in mctlmnol : A, B, C, formula {100), when 

11 = 0, 1, 2, respectively; D, E, F, formula (101), when 11 = 0, I, 2, re><pcc
tively . 

In each of these cases, a base is lighter in color than the cya
ninc of the same chain length (Figure 388). As has already 
been shown, increasing the length of the conjugated chain in the 
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cyanines by the addition of vinylene produces large shifts in the 
absorption, but the corresponding shifts in the bases are less. 
The difference in Xmax between a base itnd the cyanine of the 
same chain length, therefore, increnses as t he series is ascended, 
i .e., as the value of n in (100) and (101) increases. The figures 
for A,m for the six compounds are given in the following table : 

Cmi!JNJ!ultl 

l OCI, n- O 
I 
2 

IOI, n- 0 
I 
2 

TABLE LXXXVI 

Absorption maL. in lllp 

300 
458 
490 

423 
557 
6;"..0 

62 
32 

134 
93 

These relationships show elcarly that the mere presence of :t 
conjugated ch{l.in in a compound is not in itself sufficient to 
account for deep color, since t he bases and t he cyanines have 
conjuga.ted chains of t he same length for the same va lues of n 
but the cyanines are much the more deeply colored. 

The difference in nbsorption between the two series of com
pounds may be accounted for, however , by use of t he resonnncc 
theory. 

An unsymmetrical cyanine gives rise to two different bases, 
depending upon whether alkyl halide is removed from one or 
ot.her of t he nuclei. Thus, both the isomeric bases (103) and 
(104) may he considered to be derived from the dimethine cya
nine (102) by removal of methyl iodide. The absorptions of 
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(103) and (104) are very different, however, (104) being by far 
the more deeply colored of the two and deeper in color, even, 
than (102). These facts, too, have been explained from the 
resonance standpoint ; and it has been concluded that of isomers 
of t he type of (10:J) and (104), the more deeply colored one will 
be that in whieh the a lkyl group is attaehed to the nit rogen atom 
of the more basic nucleus. Other pairs of isomeric bases related 
t.o the cyan ines have been prepared by I-lamer,86 a nd their rela
t ive colors seem to be in agreement with this rule. 

HEMICYANINES 

Under this heading may be included a number of dyes con
forming to the amidinium-ion system but in which on ly one 
nit rogen is situated in a heterocyelic ring and the conjugated 
chain passes through a portion of this rin g. If the benzoth iazole 
ring is selected as a typical heterocyclic rin g, the hemicyanines 
may be exemplified by (105), in which R' and R2 are hydrogen, 
alkyl, or aryl and n = 0, 1, 2, 3, and so forth. 

(105) 

In general, these dyes may he prepared by treatment of a 
heteroeyclie component of type B (p. 1005) with an aromatic OJ" 

aliphatic amine containing replaceable hydrogen, and a number 
of these syntheses were worked out independently by Ogata 3;' 

and White and KeyesY If both R' and R2 are aliphatic resi
dues, the intermediate, which may contain a reactive mercapto 
group or a n acetanilido group, is condensed with the appropriate 
secondary aliphatic amine, e.g., diethylamine, dibemylamine, 
piperidine . \Vith piperidine, the viny lene homologous series 
( lOG) (n = 0, 1, 2, 3) has been built up. If tha reactive inter
med iates are condensed with primary aromatic a.mineR, com
pounds such as the a nilino series (107) (n = 0, 1, 2, 3) arc formed. 
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a:)c-(CH-CI-1).-NHPh (107) 

Etl 

Upon treatment with alkali, these yield the anils (108), which 
readily combine with methyl iodide to yield the methylanilino 
hemicyanines (109), this method being generally a pplicable if 

a:)G-(CH-CH).-NPh 
Et 

as"- / Me "G-(CH-GH).-N, 
N#" '- Ph 

Etl 
(lOS) (Hill) 

R' in (105) is aliphatic a nd R2, aromatic. 

p-DIALKYLAM INOSTYRYL DYES 

In the list of dyes conforming to the amidinium-ion type 
(p. 991), one (Il) has one nit rogen atom in a heterocyclic nucleus, 
but the second nit rogen is not part of a ring system. This dye 
is, therefore, not a true cyanine a nd may be regarded as a bemi
cyanine. Dyes of this type generally possess sensitizing action, 
and a few are outstanding in this respect. 

The general method of preparation is by condensation of 
the appropriate quaternary salt containing reactive methyl with 
a p-dialkylaminobenzaldehyde, usually under the influence of 
piperidine ru; a catalyst : ss 

a:)ccJ-1, + OCHQNMc, ~ 
Et l 

(a) r o::)c-cn-cn-o-NMe, l 
Et+ I-

(b) [0:>-CH-CH-<::>-NMe,l 
Et r-

2-p-dimcthyla.minootyry lhc nzothiazole ethiudidc 

(llO) 
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DYES CONTAIKING THE A~HDE SYSTEM; 
THE :MEROCYANINES 

While searching for photographic sensitizing dyes of new 
types, Kendall and Brooker discovered independently that cer
tain p-dialkylaminobenzylidcne derivatives of compounds con
taining a methylene group activated by carbonyl were good 
scnsit izers.sg These compounds include, for example, 5-(p-di
methylaminobenzylidene)rhodanine (Feigl's reagent for silver) 
(111 ) and 2-p-dicthylamino-3(2)-thianaphthenonc (112) . The 

(yeo" v S /C=CHC0H,NEt: 

(112) 

auxochromophore common to these dyes is the amide grouping 
I I I 

O=C- (C=C)n- N < (p. 989), and many other dyes containing 
th is system have been prepared in which the N atom forms part 
of a heterocyclic ring, as in the cyanines. 90 

These dyes may be represented by one of the two general 
formulas (113) and (114), in which Y represents 0<, 8<, Se<, 
Me2C< or -CH=CH- , and R, alkyl. The dyes form vinyl-

ene homologous series, so that n = 0, 1, 2, 3. Like (111) and 
(112), these dyes are derived from compounds containing the 

I 
- COCH2- grouping, and this and the derived group-CO- C= 
in the dyes themselves may form part of a ring system or chain. 
Since the new dyes contain a heterocyclic nucleus of the type 
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found in t he cyanines, the name merocyanine (Gk. meros = part, 
portion) for them was suggested by Hamer. 

Whereas t he cyanines are frequently formed by the condensa
tion of an intermediate containing a heterocyclic nucleus with 
a heterocyclic quaternary salt containing reac tive methyl, in the 
preparation of merocyanines the latter is replaced by a com
pound conta ining t he -COCH 2- group. For example, 3(2)
thianaphthenone ( 115) reacts with intermediates of t he type of 
(116), such as (34) or (35), G represent ing a reactive negative 

( ll5) (1 16) 

/ 0 

(a) Us>~(CH~CH).~<::O 
Et 

(117) 

atom or group. In the course of the reaction, G is eliminated 
together wi th a hydrogen atom of the reactive methylene group 
of (11 5), giving a mercaptan RSH, where G is a mercapto group, 
or acetanil ide, where G is an acetanilido group. The acid radi
ca l of (1 W) is a lso eliminated with the second hydrogen of t he 
methylene group of (115). The reactions are, therefore, usually 
carried out in the presence of a basic condensing agent, such as 
pyrid ine, triethylami ne, or potassium carbonate, which serves 
to bind the acid eliminated. 

The number of compounds contain ing a reactive methylene 
group a nd capable of giving merocyanines is very great. Chain 
compounds such as acetyl acetone, ethyl malonate, ethyl aceto
acetate, cyanoacetamide, benzoylacetoni trile, and nitromethane 
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may be used; bu t more frequently cyclic compounds such as 
(115) and (118) to (124) are employed : 

PhN/CO" PhN~O" 
I CH, I CH, 

o~ 8 / PhN~ 8 / 
3-phcnyl-2,4 (3,5)-

thia7.olcJione 

(118) 

co 
l'hN/ " 

I CH 2 
sc / 

'-N 
Ph 

l ,~iphenyl-2-thio-
hydt~ntoin 

(121) 

3-phcnyl-2-phcnyl-
imino-4-thiamlidmJC 

{119) 

PhN/co'-
1 en, 
N"'c/ 

Me 

3-m;:~~);~~~Fo~~nyl-
( 122) 

OA;O" 

'Co/CH, 

1,3-indandione 

(124) 

co 
EtN/ '-

I en, 
sc'- 8 / 

3-ethylrhodanine 

(120) 

HN- CO 

sb I 
CH, 

I I 
HN--<::0 

2-thiobarbituric 
acid 

(123) 

The number of heterocyclic nuclei of the type present in t he 
cyanines that may be employed in the preparation of mero
cyanines is also considerab le. 

The merocyanines are neutral compounds and dissolve in non
polar as well as polar solvents, t hereby differing from the cya
nines, which are ionized in solution and, in general, are soluble 
only in polar solvents. 

Complex Dyes Derived from the M erocyanines 
I 

It is known that compounds containing the grouping - N-CS 

~ 
frequently combine with alky l salts to give compounds with the 

I 
grouping -N =CSAlk, and it has been found that merocyanines 

~'i. 
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<:ontaining this grouping combine with alkyl salts, e.g., iodides 
or p-toluenesulfonatcs, to give a lkylmercapto compounds: 

o, 0:'- /C- NEt 

/ C-=CH-CH==C, j + McX ~ 
N '8 'S 
Et 

(125) 

~ Et 

(l,o)e==cn-eH==e:C-!fx 
VN '-S-~SMe. 

Et 
(126) 

In these alkylmercapto compounds, t he S-alkyl group is reac
tive, as it is in (34), and is capable of condensing with compounds 
containing reactive methyl or methylene to give complex dyes. 
Thus, on treatment with 2-methylbenzothiazole cthiodide in the 
presence of a base, (126) yields (127) ; and treatment with 3-
ethylrhodaninc yields (128) . Reactions of this kind have been 
discovered independently by KendaU 91 and Brooker. 

(127) 

(128) 

These complex dyes are deeper in color than the merocyanines 
from which they originate; but, in spite of the large number of 
possible auxo-chromophoric systems in (127) and (128), it is 
noteworthy that their absorption spectra (Figure 389) are no 
more complex than those of the parent dye (12-5) (which, itself, 
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admittedly contains a number of possible a uxo-chromophoric 
systems), so that apparently the absorption is produced by the 
molecule vibrating as a whole. 

In dyes such as (127), which also contain the unit - N-bs, 

s. 

~ 
• 

0 '\ 

I I c 
A v \ 

I \ 
0 

y II 
I 

1/ I \ 
1/ I \ 

[\ \ 

soo 

lnt' -
FIG. 389. Absorption spectra in pyridine: A, formula (125); 

B, (128); C, (127). 

100 

a repetition of the process is possible, and still more complex 
dyes may be evolved. Thus, the simple meroeyanine (129) 

0" 
O,s"c~c)C-fEt ~ 

'N/ "s-ts 
Et 

(129) 

aS 0"c- NEt 
"~~ j ~C-NEt ~ 

N/ "s ~cf I 
Et "s-cs 

(130) 
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yields (130), and t his, in turn, yields (131); and still further 
addit ions are theoretically possible. However, as more nuclei 
arc added to these dyes, the solubility dimin ishes, and the pre
parative steps become increasingly difficult. 

0 

r 
2 10 
X 

"' 

v 

A 

'/ 
I 

/ [\: 

c 

I' 
1/ 

B 

I 1\ 
IV \ 
r1 I 

v \ 

300 4 0 0 soo m,_,-
FIG. 300. Absorption spectra in pyridine: A, formula (120); 

B, (130); C, (1 31). 

600 

The addition of 3-ethylrhodanine nuclei to (129) deepens tho 
color progressively {Figure 390); but, again, the curves arc of a 
::;imple character. 

DESENSITIZING DYES 

Some dyes are used as desensitizers in photographic practice; 
their structure is studied in the following pages. 
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Desensitizers are used to decrease the sensitivity of photo
graphic materials so that they may be developed in a relatively 
bright light. An ideal desensitizer should fulfill a number of 
requirements, which J-Iamer 92 formulates as follows: It should 
(1) rapidly and almost completely destroy the sensit ivity of a 
fi lm bathed in a dilute solution of it, (2) not attaCk the latent 
image, (3) not cause fog, (4) be conveniently soluble in water, 
(5) be stable in both t he solid state and solution, (6) not be 
destroyed or precipitated by the developer, (7) not interfere with 
development or fixation, (8) preferably be colorless or, if colored, 
nonstaining, and (D) be nonpoisonous. 

Whi le no substances are known which fulfill all these require
ments, a number of compounds have proved useful in practice. 
In HlO l , Ltippo-Cramer 93 called attention to the desensitizing 
action of most developers; and in 1020 9'1 he pointed out that 
the normal sensitivity of photographic emulsions was reduced 
to a small fraction after they had been bathed for about one 
minute in a solution of diaminophenol hydrochloride, although 
no reductio n in the latent image resu lted from t his treatment. 
He recognized that this desensitizing was due to traces of oxida
t ion products formed by t he autoxidation of the developer. 
Continuing his experiments, Liippo-Cramer ~~ found that pheno
safranine, a well-known red dye, was a very powerful desensi
tizer and as a pre-bath enabled development to be canied out 
in the presence of a considerable amount of light. The dye 
could also be used in the developer, the addition of one part in 
20,000 enabling the plate to be examined in a bright light after 
only one minute's development. Serious objections to pheno
safranine are the very persistent red sta in that it leaves on the 
plate a nd its restraining effect on development. Liippo-Cramer 
pointed out that desensitizing dyes such as phenosafranine are 
oxidizing in character_ 9:, He suggested that the oxidizing power 
is strong enough to inhibit further formation of latent image but 
insufficient under normal conditions to attack that a lready pres
ent. This is supported by the fact t hat such desensitizers de
stroy t.he latent image in t he presence of increased concentrations 
of soluble bromide. I n terms of the Gurney-Matt theory, this 
means that the ideal desensitizer should trap the electrons re
leased by the absorption of light (Chapter IV) but should not be 
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able to extract electrons from silver atoms. The suggestion of 
LO.ppo-Cramer given above receives considerable support from 
the work of Blau and Wambacher. ~6 They have shown that the 
characteristic desensitizing action of dyes such as phenosafraninc 
and pinakryptol yellow (141) is .somewhat inhibited if the plates 
are exposed in the absence of oxygen either by working in a 
vacuum or in an atmosphere of pure dry nitrogen. The dye 
therefore appears to behave as a photochemical catalyst in the 
desensitizing process, the principal part being played by the 
oxygen of t he air. 

While some dyes which produce optical sensitizing desensitize, 
and some desensitizers, such as phenosafranine itself, sensitize 
optically, the fundamental difference between the two phenom
ena is that, whereas the sensit izing effect of a dye is intimately 
bound up with its spectral absorpt ion, such a relation docs not 
exist between desewsitization and absorpt ion. If applied to a 
panchromatic plate, phenosafranine, for example, desensitizes in 
the blue and red spectral regions, which it transmits, as well as 
in the green, which it absorbs. Furthermore, many colorless 
desensitizers are known. 

The general observation has been made that if desensitizers 
a.re applied to color-sensitized emulsions, the spectral region of 
extra-sensitivity is preferentially attacked; and t his is ascribed 
to an exchange reaction whereby the sensit izing dye adsorbed to 
the silver halide grain is replaced by the desensitizer. 

Phenosafranine is commonly represented by formula (132), 

n.D:un .. . . . (132) 

PhCI 

and the desensit ization is not seriously reduced by alkyl sub
stituents introduced into the phenazine nucleus or the amino 
groups, or by the replacement of the phenyl group in > NPh 
by a lky l. 

I n formula (132), three of the nitrogen atoms, indicated by 
asterisks, can share the cationic charge, whereas the fourth is 
necessarily uncharged; it is this atom which is doubtless largely 
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responsible for the behavior of the dye as a desensitizer, since 
a nitrogen similarly linked is characteristic of a great many 
desensitizing dyes. 

Formulas (133) and (134) are the formulas of two dyes, (133) 
being a styryl and (134) the corresponding anil, respectively. 
The styryl is a sensitizer, while anils of the type of formula (134) 
are powerful desensitizers. Kendall 97 noted that in (134) the 

CO-CH...CH~NMe, 
Eti 

CO-cH~N~NMe, 
Et l 

(133) 

(134) 

nitrogen atom within the chain is separated from those at the 
ends by even numbers of carbon atoms, and he associated this 
fact with t he desensitizing character of the dye. He showed 
further that if a nitrogen atom replaces a =CH- group of a 
conjugated chain in a dye such as (133), but in such a way that 
it is separated from the terminal nitrogens by uneven numbers of 
carbon atoms, the dye is no longer a desensitizer but usually a 
sensitizer. This feature is brought out very clearly in the follow
ing comparisons: 

A =CH- group in the conjugated chain of the strongly sen
sitizing t hiacarbocyanine dye (135) may be replaced by nitrogen 
to give either (136) or (137). In (136), the central nitrogen 

[ a:>...CH-CH...CH-<::0] (135) 
Et Et+ I -

l a:>~CH-N~CH-<::0] (136) 
Et Et+ I-
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(a) 

(137) 

(b) 

atom is separated from the terminal nitrogens by two carbon 
· atoms on each side; the dye is a strong desensitizer and, in 

addition, is devoid of sensitizing properties.* In (137), t he 
nitrogen in the chain is separated from the terminal nitrogens 
by one carbon atom on one side and by three on the other, and 
the dye is a sensitizer without marked desensitizing properties. 
In (136), the central nitrogen cannot share t he quaternary charge 
with the terminal nitrogen atoms, as is the case with the fourth 
nitrogen atom in the molecule of phenosafranine (132); but in 
(137) the nit rogen atom in the chain is so located that it can 
share the charge, as shown in (137b). This serves to divide the 
originally long chromophoric chain in (135) into two shorter 
fragments. The dye is accordingly considerably lighter in color 
t han (135); but these two fragments individually conform to the 
amidinium-ion formula which is characteristic of cyanines in 

I I I • 
>N- (C=C).,-C=N <, 

general (p. 992), so that it is not surprising that it sensitizes. 
It is now possible to understand the action of dyes such as 

(138), which is a diazacarbocyanine of a type originally described 
by Fuchs and Grauaug.74 The nitrogen atom marked a is simi-

[ O::)c::en-k~N-<::0 ] (138) 

Et Et+ I-

larly located to that in (137) and l';hou ld not, therefore, confer 
desensitizing properties. The !3 nit rogen atom, 0 11 t.he other 

• Ilithert<;> unpubliMhed Qb.,..rvution$ from the Koxhtk Rcaeurch LubQrRtories. 
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ha nd, is similarly placed to that in (136), and this confers de
sensitizing properties. Actually, the dye is a strong desensit izer; 
but, as already stated, the two proper ties are not necessa rily 
incompatible, a nd the dye a lso confers weak sensitivity to green. 

In the diazacarbocyanine (139), both of the nitrogen atoms of 

~N-CH~N-00 (139) 

Et Etl 

the =N~CH=N~ arc linked similarly, with respect to the 
terminal atoms, to that in the chain =N~CH=CH- in (137); 
and in (139) all four nitrogen atoms share the ammonium charge, 
and none has a permanently unshared electron pair. This dye 
would not, therefore, be expected to desensit ize strongly, nor, 
in fact, does it; and it a lso weakly sensitizes a chloride emul':l ion. 
The dimethyl compound (Me in place of Et in (139)) is described 
as photographically inert. 

Although anils such as (134) are rapidly destroyed by the 
sulfite in t he developer, it is interesting that t he desensit ization 
conferred by t heir usc in a preliminary bath persists when the 
film is transfe rred to the developer. This is ascribed to increased 
stability of the dye-silver halide adsorpt ion complex compared 
with that of t he dye itself. 

One of the most useful of all desensit izing dyes is pinakryptol 
green (140). In this dye, which, it is interesting to note, is 

(140) 

isomeric with phenosafranine (132),98 the quaternary charge is 
shared by three of the four nit rogen atoms, the second phcnazine 
nitrogen retaining its tertiary state throughout . This dull green 
dye is powerfu l in its action and is effective either as a pre
liminary bath or in the developer. It does not stain as badly 
as phenosafrani ne and, hence, has been very widely used. 

Many dyes of the thiazine series, such as methylene blue, 
show desem;itizing action, alt hough often accompanied by fog. 
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The oxazines behave similarly, but neither of these series has 
so far yielded a good practical desensitizer. 

Chrysoidine desensitizes powerfully but inhibits development 
to a marked degree.i!l I n this dye, the charge is again shared 
by three of the four nitrogen atoms of the molecule. 

I n spite of the fact that the triphenylmethane dyes are not 
characterized by a system in which a permanently trivalent 
nitrogen atom lies in a resonating chain, many of t he dyes of 
this group desensitize powerfully, although sometimes with fog; 
e.g., malachite green, brilliant green, so that the grouping re
ferred to cannot be the only one that confers desensitizing 
properties. Triphenylmethane dyes are of no practical use, as 
t heir effect is destroyed by the sulfite in the developer. 

A group of colorless or nearly colorless compounds was inves
tigated by Schuloff 100 and includes several closely related com
pounds that have been sold under the name of pinakrypt.ol 
yellow. One of these is represented by (141), but slight varia-

Eto('{'j N02 

VwLCH~CH~ 
MeCl 

{141) 

t ions have been made. These compounds are styryl derivat ives, 
and the hest results are obtained with a nitro group in the o, m, 
or p posit ion, as in (141) ; but there is considerable desensitizing 
effect even in t he absence of a nitro group. 

A number of patents 101 describe desensitizers derived from 
anthraquinone, which may be used in either a preliminary bath 
or the developer. These are acidic deriva tives; nnd in some of 
t he earlier of these, such as anthraquinone-2-sulfonic acid and 
1-chloroanthraquinone-2-carboxylic acid, the interesting claim 
is made t hat their action is due to their forming very insoluble 
salts with the basic cyanine dyes, withdrawing them from ad
sorption on t he silver halide grains. It follows that such desensi
tizers would he effective only for desensitizing color-sensitized 
materials and then only if basic dyes were used; it is, in fact, 
stated that they are ineffective if used for emulsions sensitized 
with erythrosine and t hat, in any case, development must be by 
red light, the ordinary blue sensitivity of the emulsion not being 
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affected. In later patents, however, compounds such as anthra
quinonc-2-carbonyltau ride, the anthraquinone sarcoside, and the 
sulfonate are claimed to desensitize ortho- and panchromatic 
emulsions indiscriminately ; and development may be carried ou t, 
after a brief interval, with a bright green or yellow light. 
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CHAPTER XXV 

THE MECHANISM OF OPTICAL SENSITIZING 

Although the literature includes many suggestions as to the 
mechanism of sensitizing, only in very recent years has any real 
advance in the understanding of it been made. 1 Vogel and Eder 
showed that some kind of combination of the dye with the silver 
halide is essential to sen::;itizing, but the nature of this was not 
understood. Eder suggested that vibrations produced in the 
dye molecule by the absorption of light arc transferred to the 
silver halide and effect its decomposition. Abney suggested that 
the dye is decomposed by light and that the decomposition 
products reduce the sil vcr halides. 

The investigations which throw light upon the mechanism of 
sensitizing deal with 

A. The chemical structure of the sensitizing dyes and their 
molecular state in solution. 

B. The adsorption of the sensitizing dye to silver halide and the 
relation of the absorption spectrum of the dyed halide to that 
of the dye in solution. 

C. The probable structure of the layer of adsorbed dye. 
D. The photolytic efficiency of the dyed halide. 
E. Tl).e mechanism of transfer by which the absorption of light 

by the adsorbed dye layer results in the liberation of elec
trons in the sit ver halide crystal. 

THE STRUCTURE Al\D J\IOLECULAH. STATE OF 
SE~SlTIZII\0 DYES 

The chemical constitution of the sensitizing dyes is discussed 
in Chapter XXIV. With the exception of erythrosine, a xan
thone dye, whose structure is shown at 5, p. 990, those most 
commonly used are polymethine dyes corresponding to the 
general structure 3, p. 988, and characterized by a conjugate 
chain to which their absorption for light is due. Sheppard~ 

shmved that the absorption spectra of sensit izing dyes may va ry 
1053 
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wi th the solvent. In the case of organic solvents, the differences 
are small , being chiefly the shift of the maximum of absorption 
toward longer wave lengths as the refractive index of the solvent 
increases. The differences in absorpt ion for organic a nd aqueous 
solu t ions, however, are very considerable. A number of iso
Cyanines show one strong absorption band, with a shoulder on 
the short wave length side which was more or less emphasized 
in different solvents but in water assumed an importance equal 
to or greater than the primary maximum at longer wave lengths 
(Figure 391). Further, the relative strength of the two bands 
was altered by alka li in water but not in alcohol. The behav
ior is reversible, and there was no evidence of a chemical change 
of the molecule. With pinacyanol (a red-sensitizing dye, Ch. 
XXII[, p. 972) in water, a new band was observed in the 
shorter wave lengths (ca. 505 m.u) which did not appear in 
organic solvents. Upon raising the temperature of the water 
solut ion, this band disappeared a nd was replaced by the band 
for organic solvents, this being reversed upon lowering the tem
perature. Sheppard concluded that the changes were due to 
reversible aggregation of the dye molecules- the organic spectra 
representing monomolecular solut ions a nd the aqueous (at low 
temperatu res), polymolccular dispersions which at higher con
centrations produced colloid particles, the latter being coagulated 
by electrolytes. This conclusion was supported by ultramicro
scopic a nd other observations. 

For ma ny years, little attent ion was paid to the state of aggre
gation of dyes in solu tion, a lt hough the matter is of importance 
for the dyeing of text iles and other applications. Reference was 
made at times to certain dye solu t ions being "colloidal " ; but 
there was little systematic study of these systems t ill about 1931, 
when Robinson and his colla borators 3 commenced an important 
series of studies on "the nature of the aqueous solutions of 
dyes." In 1934, the Faraday Society held a symposium on 
"Colloidal E lectrolytes,"4 which included several important con
tri butions relating to dyes. 

The measurement of the di ffusivity of dyes in solution can be 
appl ied to the determination of the stat-e of aggregation by means 
of the Stokes-Einstein equation, though care is necessary to 
a void errors due to the shn:pc of the particles and their en train-
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ment in the more rapid migration of the smaller ions present.5 

Using this method, Sheppard found that in dilute solutions con
taining low concentrations of bromide the particles of cyanine 
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dyes showed a degree of aggregation corresponding to a few 
molecules only, from which he concluded that under the condi
tions used for sensit izing, the dye is molecularly dispersed. This 
does not preclude aggregated states being formed upon adsorp
tion, which would favor such a condition . 

The changes of absorption spectra of the polymcthine dyes 
wh ich had been studied by Sheppard in 1!)08 were investigated 
by Scheibe 6 and his co-\vorkers. This work indicated that 
·marked changes occur in the absorption spectra, amounting to 
relative suppression of one band (in the visible spectrum) and 
the appearance of new bands, either in the shorter or longer 
wave lengths, whieh Scheibe ascribes to what he terms the 
"reversible polymerization" of the dye molecules or, rather, of 
the dye cation. This docs not differ greatly from Sheppard's 
conclusion t hat such changes are produced by "the reversible 
aggregation of dye molecules," but Scheibe and his eo-workers 
followed the question in much greater detail. For pinacyanol, 
Scheibe's results were qualitatively similar to Sheppard 's, but 
the positions of the bands in the spectrum were somewhat differ
ent, possibly owing to a difference in t he composition of the 
commercia.! dye. 

Diethyl pseudocyanine chloride was studied by Scheibe 7 and 
Jellcy. 8 Both observed the production in water at 20° C. and 
concentrations of ca. 0.1 X IQ- 2 molar of a very in tense, sharp 
band in the yellow which is not shown in alcohol (Fibrure 392). 
Scheibe associated the appearance of this band with the forma
tion of a" highly polymerized form" (150-500). The degree oi 
association decreases with risi ng temperature and decreasing 
concentration to about 100-180 molecular. That the dye is 
highly polymerized is also indicated by the very rapid increase 
of viscosity t ill jellies are produced. Jelley also observed the 
sharp band at 573- 574 miL in solutions of the pscudocyaninc; t he 
system gave very strong resonance fluorescence. But whereas 
Scheibe attributes the effect to highly polymerized fo rms, 
J ell ey originally suggested that it was a molecular spectrum, 
distinct from ionic-molecular solution spectra. The high poly
merization forms of Scheibe, Jelley considers, from streaming 
bi-refringence and other evidence, to be a nematic phase of 
threadlike aggregates which pass on aging into true crystallites. 
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His (unpublished) results on the nematic phase in a num ber 
of cyanines indicate that hydration of the dye is an essentia l 
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FIG. 392. Absorption spectrum of pseudocyanine chloride. 

factor in the formation of the 'aggregates but that the nematic 
s tate does not necessarily have a sharp absorption band. The 
weight of the evidence, including the data on t he state of t he 
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adsorbed dye on the silver halide, is in favor of the view that 
the new absorption bands are the result of definite arrangement 
of the dye molecules in t he aggregates, which produces a new 
absorbing system. The absorption is, therefore, relatively inde
pendent of the number of molecules in the polymer, in contra.st 
to Scheibe's hypothesis, wh ich accounts both for longer and 
short-er wave lengths of the new bands by polymerization. 

The reversible formation of higher polymers in water solution 
by way of dimer formation was observed by Ecker 9 in an exten
sive study of various quinoline dyes. He also confirmed Scheibe's 
result that in mixtures of dyes these polymers may contain 
different elements. The tendency to polymerize, ho\vever, varies 
strongly from dye to dye: A substitution in the ring may de
crease t he concentration needed for polymerizat ion by as much 
as one hundred times. 

THE RELATION OF THE SENSITIZI NG SPECTRA TO THE 
ABSORPTION SPECTRA 

It was early realized that while the sensitizing spectra shown 
by dyed silver halides were related to the absorption spectra of 
the dyes in solution, they were not identica l with them.2 It was 
believed that the sensitizing spectra would be found identical 
with the absorption spectra of the dyes as adsorbed to the silver 
halides, but accurate measurements to prove this were difficult 
to m3ke. 

Leermakers, Carroll, and Staud 10 in 1937 showed that the sen
sitizing spectrum corresponds precisely to the absorption spec
trum of the dyed silver halide, i.e., of the adsorbed dye. T his 
advance was made possible by measurements of the reflection 
spectra (spectral distribution of reflected light) of the dyed sil ver 
halides, using t he rapidly operating photoelectric spectrophotom
eter of A. Hardy. Particularly cogent examples are furnished 
h,,- Leermakers.U Figure 393, which represents a high-speed 
pnnchromat ic emulsion, shows that the sensitivity curve follows 
t.hc absorption curve closely and that the differences between 
t he sensitivity and absorption maxima in the red are within 
experimental error. The data show that for this emulsion the 
sensitivity as measured is directly proportional to the amount 
of light absorbed. T he sensitizing dyes used in t hese emulsions 
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do not contribute appreciable absorption to the dyed silver halide 
grain a t >.400 m~, so that for this emulsion proportionality be-
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FIG. 393. Parallelism between absorption and sensitivity in a p..'l.nchro
mntic material : Solid line, relative absorption; broken lin~;;, relative sensi
tivity. 

tween absorption and sensitivity holds for spectral regions where 
the light is absorbed by the silver halide a lone, and where it is 
absorbed by the adsorbed dye or by the dye-silver halide complex. 
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An interesting example of the relation of sensit izing to light 
absorption is shown by erythrosine. This is added to the emul
sion in the form of sodium eryth rosinate, of which t he absorption 

<>•r-r- - :_j I 
5 // 

i/. I 

• lj !/1./ 

· w I 1'\1 
460 550 

VIIA.'JE LENGTH IN M\LUMIC.RONS 

Fw. 394. Absorption spectrum of sodium erythrosinate. 

spectrum is shown in Figure 394. The reflection spectrum of 
dyed silver bromide and the sensitizing spectrum deviate con
i!>iderably from this, but they agree closely with the a bsorption 
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spectrum of ~S i l ver erythrosinate di8per8ed in gelatin .* In the 
dispersion, the silver erythrosinate i8 shown by examination with 
X ray8 to be in the solid state. 1t is eviden t, therefore, that in 
sil ver erythrosinate the anion is espeeia lly strongly :d'fected by 
the cation, as pointed out by Fajans 13 and Fmnkenburger. 11 

T here docs not seem to be a direct solvent fo r t his substance; 
ammonia, py ridine, a nd amines dissolve it with dissociat ion of 
the sil ver ion and restorat ion of the spectrum of sodium eryth
rosinatc. I ts solubil ity in water is 5.8 X 10-;;-les8 than t hat 
of silver chloride although greater t ha n that of sil ver bromide. 
Schwarz 1 ~ showed that (a) the esterification of the carboxyl 

,$ '" 
group of erythrosine (1) does not destroy sensitizing power, 
(b) the removal of carboxyl does not do so, and (c) esterification of 
the phenolic OH does destroy sensitizing. Hence, it is by means 

of t he resonating sys tem 0 =(6)2n+t-0--0--(6)2,.+,=0 
that the dye is adsorbed to the silver ion, a condition re
sembling that of t he cyanines 

1
which are adsorbed to the h~l i de 

ions by the system > N+=(Chn+t-N <->N- C(2n+t>=N < . 
Schwarz points out that the gain in sensitizing power from 
fluoresceinc ----> dibromfluorcsceine ----> di-iodofluoresccinc ----> tetra
iodofluoresccinc (e rythrosine) is correlated wit h t he decreasing 
solu bility of t he silver compounds of these dyes. The hydro
phile carboxyl grou p probably accounts for the incomplete o•· 
reversible character of ery throsine adsorpt ion to sil ver halides. 

The merocyanines have the resonating system 

> N- (C)2n+t = 0 - > N =(6)2n+t- O-
and differ further from t he cyanines in that t hey arc not sa lt .'l 
of bases. The ava ilab le data indicate t.hat t heir sensitiziq~; 

• Eder" ooncluded that the maximum absorption of om emul"ion dyed with eryth ro•ine 
corrC!Ipondl! to the mru:imum of l!Cn~iti•:.tion, hut hi s work wiUI limited by tho diffi culty 
of measurinl( thcnhwrption of 8ih·er h~ l id"'!. 
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curve:; abo corrc~pond to the absorption curves of the com
pound:; formed wit.h silver. 

THE AI>SOI!.PTION OF THE SENSITI7.1 Nt: DY J~ T O 
i:l ll ,VJ<;H. HAJ,IDE 

The fir~t quantitat.ivc :;tudic . .,; of the adsorpt ion of seusitizinp; 
dyes to silver ha lide were made in 10:28 by Sheppard and Crouch. 1fi 

They measured the amount of dye removed from a solution as 
.a funct ion of the residual concentration of the dye in the solu
t ion. The measurement can be made eithe1· hy following spec
trophotometrically the loss of dye from the solution when shaken 
up with sil ver ha lide or by the extraction of the dye from the 
dyed silver halide. 

•" 

ADSORPTION OF' 

ORTHO(HFIOME T Br 

TO SILVER BROMID( 

_/ 
pH 55 

I 
I 

l4-Ut~5.00SOOOPT- fQUATtON 

,OtrHS£:wt~r .. £NUlD(Tt-..110«S 

Z J 4 5 6 7 8 9 tO II IZ IJ 14 ., 

R!StDUO'l CONC(NHMTION Of DYE I N SOLUTION M • 10·• 

FIG. 395. Hclation between the concentration of a cyanine and its 
adsorption to silver bromide. 

A typical curve from the results obtained by Sheppard and 
Crouch is shown in Figure 305, in which the adsorption of the 
cyunine dye orthochrome Tis plotted against the concentration 
of the dye solution. The dye ndsorhed increases with the con
centration of the solution untit a first stage of saturation is 
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reached, represented by the horizontal or "plateau" portion of 
the curve. This is followed by further adsorption, shown by 
t he ascent of the curve as the concentration increases. T he 
results up to the first stage of saturation can be represented by 
Langmuir's equation 17 for the adsorption of gases in a mono
molecular layer. Assuming this for saturation, Sheppa rd and 
Crouch ca lculated that for a monomolecular layer of the dye, 
every molecule covered about t hree bromide ions of the surface 
of the crystals of silver bromide. I n orthochrome T, the l:u·gcr· 
part of the molecule consists of the dye cation D+; the le:-;:;er, the 
anion Br- . Hence, Sheppard and Crouch concluded that the 
adsorption consists effectively of the electrostatic attraction of 
the dye cation D+ fo r an external bromide anion of the :;ilver 
bromide lattice. Similar conditions would obtain, of course, for 
silver chloride and silver iodide. On the other hand, with so
called acid dyes, of the type of cosine and erythrosine, the eryth
rosine anion is held, primari ly by electrostatic attraction, to a 
silver cation of a silver halide lattice. Sheppard, Lambert, and 
Keenan 's 18 experiments on the effects of halide and silver ions, 
respectively, on these two classes of dyes (basic and acid) con
firmed these conceptions. 

The interpretation as adsorption isotherms of curves such as 
those observed by Sheppard and Crouch fo r· or1 hochrome T 
involves reversibility of the adsorption process, and this i:; also 
implicit in the Langmuir equatio11 for t he isotherm. This me:uts 
t hat the silver halide saturated with the dye should release iL to 
water . But Heisenbergu found that the adsorption of a dye of 
this type from water was complete, and simila r result:-; \verc 
observed by Leermakers, Carroll , anJ Shtud,20 who found that 
in the range of concentrat.ions useful for sensit izat ion, 110 li n
adsorbed dye could be detected, a lthough n rapidly increasing 
amou nt appeared when the optimum concent mtion w:1 s ex
ceeded. The behavior of adsorbed dyes toward soh·ents was 
fo;tud ied by Sheppard, Lambert, ::utd Walkcr.21 A silver halide 
sol, e.g., a fo;table suspension of silver bromide pa rticles, was 
prepared n .. <; by Ilj ina and Bokiuik ~ :111d ,.;tahilizcd by a sufficient 
CX('es.-; of bromide ions. If this was titrated with a dilute :tqucous 
solut.ion of one of several polymcth inc dyes, e.g., pinacyanol, 
after the addition of a certain amount, the silver halide and the 
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dye were precipitated. The positively charged dye particles 
neutra lize t he negatively charged silver halide and cause mutual 
coagulation. But the phenomenon deserves closer examiuation, 
particularly in view of the rcpcptization by excess dye solution. 
Without detailing a ll the collateral evidence, the following gives 
a more exact pich1re of the adsorption of the polymethine dyes. 
T he diagram of the structure of a cyanine dye in Figure 3H6 

AFFINITY FOR 
ORGANIC SOLVENTS 

/ ' 
RING WITH > f. ] < RING WITH 

TERTIARY NITROGEN l CH r1: QUATERNARY NITROGEN 

\ I 
AFFINITY 

FOR WATER 

n = 0.1 .3··· 

FIG. 3'JG. Affinity diagn1111 of a cyaninc dye. 

:-;hows that t.hc molecule hu.'J a polar (hydrophile) and a nonpolar 
(organophile) aspect. The former is conditioned by the quater
nary nitrogen atom or, more exactly, by the residua l affinity of 
the key atoms of t he resonance chain for t he anion. Roughly 

.':>peaking, t-he solubility of t.he dyes in water is due to the polar, 
ionizable part of the molecule although, as presently noted, this 
solubility is never htrgc. The solubility in organic, particularly 
nonpobr, solvents is due to the cyclic nuclei and their side 
substitucnt.s. 

The :ulsorption of t he polymethine (cyanine) dyes to pola r 
solids, such as the silver halides, resul ts in the fixation of the 
polar aspect of Lhe molecule to t he lattice of the crystals, the 
nonpolar orga.nophile portion being exposed to the medium. 
The orient.at ion of the adsorbed dye molecules is d iscussed lat-er, 
hut it. appenrs t.hnt where opt imum sensit izing is produced, the 
:-;urfa('e is ('Overed with the leaf-like molecules piled edgeways in 
as f'lo~e pncking :lS is comJmtiblc with their own structure and 
the st.rucl·llre of t.he cr.vi':tnl to form a '' parallel piled'' or edge-on 
monomolecular IHyer. The new surface of the cr.vstal (or crys-
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tallite, for hydrosols) has no hold upon water, but there is nn 
attraction between the organophile parts of these surface-or ier~ted 

molecules, so that colliding p:u·ticles aggregate and precipitate. 
This stage corresponds to primary 
~n.tura.tion and may be roughly rep
resented, in seetion, by Figure 397. 

The primary saturation for the 
polymethine dyes may be deter
mined in two ways : (1) with a hy
drosol of silver halide by titrat.ion 
with dye solution to the point of 
precipita tion or (2) with a suspen
sion of silver halide grain in weak 
gelatin solut ion (silver halide emul
sion) by shaking with equal volumes 
of dye solutions of varying concen
trations until apparent equilibrium 
is re11ched, separating the grains 
centrifugally, and determining the 
residual dye in the solution and 
that adsorbed to the sil ver halide. 
The technique for the determina
tion as developed by Sheppard and 
Crouch consists in extracting the Fw. 397. Orientation of dve 
dye from the solution of silver halide molecules to silver hnlide.· 
in thiosulfate with an organic sol-
vent so that the optical density at the absorption maximum can 
be measured spectrophotometrica.Ily. Sheppard a nd Crouch 
used chloroform for extraction, but a higher partition (pmcti
cally complete extraction) can be obtained with butyl alcohol. 

Experiments show that while the adsorption of these dyes to 
silver halide is very rapid in plain water, it is retarded by the 
presence of gelatin, the rate of adsorption diminishing with the 
concentration of gelatin (Figure 398). Consequently, according 
to the time which elapses before measurement, the concentration 
of gelatin, and the temperature, a series of apparent adsorption 
isotherms might be obtained (Figure 399). The dyes can be 
extracted to some extent from the silver bromide with alcoholic 
solvents and even with gelatin hut show no tendency to dis-
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FIG. JUS. Effect of gelatin on the ad!:iorption of dye to silver bromide. 
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Fw. 399. Adsorption of dye to silver bromide. 

1066 



THE MECHANISM OF OPTICAL SENSITIZING 1 067 

cha rge in water. Since t he dyes do not discha rge from t he silver 
halide to water, the adsorption process is irreversible. The fact 
that adsorpt ion up to the saturation stage agrees with that given 
by Langmuir's equation is, therefore, a coincidence. N ever the
less, the hori zon ta l portion of the curves corresponds to a t rue 
saturat ion level, which may be followed by a clear ly marked 
second level, as shown in Figure 400. T he adsorpt ion density 
here corresponds to the fo r- ,a 
mation of a second monolayer t'~ :z H-+++-1H+c!=t-1-1 
of dye molecules. Although 
t.hc prima ry leve l tends to pass 
into a further stage, this does 
not always clearly indicate the 
formation of a t rue second 

~ • ' H-+++-1Hvf-+-H-1 
ct 1.11 H-+++-1h4-++-H-1 
~~6H-+++-1~++-H-1 
s ~.. H -+++-1f<+++-H-1 
: ,_, H-++t--1H++-H--I 

monolayer. ~ 0 11 f ~ I . Q ~~S~!ESlE The conditions result ing in ... 0 .10 

complete adsorption of the ~ o •:i'lES±;ES~:E dye in the first layer need not ~ 0 .2 

hold for the second, where the l o.o 1.0 'l.o ~0 4.o ~.o 
polar groups of t he molecules AU I OUA~J!.~i.:'~~c66N"TRATJON 

may be more exposed to the l'w. 400. Adsorption of tlyc ~how inK 
solvent. This agrees wi th the two levels of sntura tion. 
experimental observation of a 
rapid increase in unadsorbed dye if a cer tain conccntmtion is 
exceeded. The state of adsorpt ion of the dye is reflected in the 
sensitiza tion which it produces. The tota l opt ical sensit izat.ion 
produced by a given dye passes through a maximum as concen
tration is increased. If absorpt ion of light by t he dye follows 
Beer's law, it will increase rapidly a t low concent ra.t ion and then 
approach 100 per cent asymptotically. Sensitivity actuall y tends 
t.o follow the first part of the absorption curve, hut a marked de
sensit ization replaces the expected flat port ion at high concentra
tions. T ypical resul ts are given by Figures 401 a nd 402 (Leer
makers, Ca rroll , a nd Staud), illustra ting changes in seusit ivity 
and cont rast of three spectra l region:-; with ehanging dye concen
tration. T he sensiti vity in the region of silver bromide absorp
t ion (blue fil ter) remains practicall y const.a nt up to the concen
tration at which the other curves (red a nd gl'een fi lter exposures) 
pass through their maxima. It then decreases as sharply as the 
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ol.lters. The contrast in all region$ falls rapidly a t the same 
point. The dye used, a dibenzothiacarbocyanine, is completely 
adsorhed to the gmins 11p to the optimum concentration. T hat 
a monomolecular layer of dye corresponds approxim:1tely to 
optimal :sensitization was shown also by Eggert and Biltz.23 

Proof tha.t optimum sensitization corresponds to a definite 
condition of the surface is given by the following table, quoted 
from Leermakers, Carroll, and Staud. Seven emulsions, of both 
ncuLral and ammoniacal types, having a considerable range of 
grain size, were found to have a constant surface concentration 
a t. optimum sensitization. The concentration for t he dibenzo
thiacarbocya.nine I is slightly lower than for the thia,:arbo
cyanine II and still lower is that for the thiadicarbocyanine III, 
the order following t he relative sizes of the molecules. The 
values given correspond to about one molecule of dye I or II 
per ten bromide ions on the surface. 

TABLE LXXXVII 
Surface Concentration of Dye for Optimum Sensi~iz11tion 

Optimum 
Cancentralim1 

Surface rrwles/cc. M mu Dye X JOII 
EmldilUm cml(cm1 Dy. emul. X!O" cm2 surfare 

400 I 3.6 9.0 
480 3.8 7.9 
580 5.2 9.0 
660 6.0 9.1 
840 7.2 8.6 
950 9.0 9.4 

1080 12.0 I I. I 

400 II 4.4 11.0 
580 6.3 10.9 
660 8.0 12.1 
950 11.2 II.S 

1080 12.6 IUj 

400 III 1.9 4.8 
580 2.3 4.0 
660 2.9 4.4 
950 4.8 5.0 

1080 4.8 4.4 

Since the amount of dye adsorbed at optimum sensitization 
increases with decreasing grain size or increasing specific surface, 
the capacity of fine-grained emulsions for strong sensitization is 
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at once explained. The absorption of light at 400 m~ by a 
norma l film coating is of the order of 80 per cent. In the region 
of optical sensitization, it rarely exceeds 50 per cent in spite of 
the exceptionally high absorption coefficients of cyanine dyes. 
The discovery of dyes having equal effectiveness and higher 
absor·ption might produce approximately uniform ::;ensitivity 
throughout the visible spectrum. 

If two or more dyes are used, sensitization by each is affected 
by the presence of the other. Since both are adsorbed to the 
silver halide surface, the most common result is a mutua l inter
ference. Hmveve r, in some cases , 2~ the sensitization by two dyes 
is greater than the sum of their separate effects (Chapter XXIII, 
p. 975) . Red sensitization by dye A may, for instance, be 
increased by the addition of dye B, which sensitizes for green; 
or if A and B sensit ize for the same region, A + B may sensit ize 
more strongly than any concentration of either dye separately. 
This is known ns supersensit1:zation and is distinguished from 
hypersensitization produced by bat hing the coated emulsion with 
ammonia or other solutions. The spectral absorption of one of 
the dyes on the silver halide may be changed by the presence 
of the other, supersensitizat ion being not unusual among dyes 
which have more than one t ype of sensit ization. In some cases, 
spectral a bsorpt ion is unchanged, and the supersensitization can 
be descri bed on ly as an improvement in the efficiency of latent
image formation for a given amount of energy absorbed by 
the dye. 

The data of I .. eermakers , Carroll, and Staud show that sensi
tization may correspond t.o more than one of the types of spec
tral absorpt ion characteristic of a dye. Two of their dyes give 
quite different spectrograms at low and high concentrations 
(Figures 403, 404). In each case, the sensitization at sufficiently 
low concentration corresponds to the absorption of silver bro
mide dyed from an a lcoholic solut ion of the dye; the maximum 
of the curve is displaced from that of the alcohol solution and 
is broadened, but it seems reasonable to assume that it is char
acteristic of an unaggregated form of the adsorbed dye. At 
higher concent rations, the distribution of spectral sensitivity iS 
profoundly modified by the appearance of a new maximum; in 
each case, sensitization then corresponds well with the absorption 



5 mg. dye per 100 '"'· emulsiun 

0.02 mg. dye per 100 cc. emulsion 

FlG. 403 . Effect of dye concentration on ~pectr:.d sensitivity 
produced by a th iacarbocyanine . 
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FIG. 404. Effect of dye concentration on spectral sensitivity 
produced by another thiacnrbocyaninc. 
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of an aqueous solution of t he dye saturated with potassium 
b1·omide and, presumably, .containing the dye in an aggregated 
form. 
Schwarz 2~ published an extensive paper on the different types 

of sensitization which may be produced by a single dye. His 
data for twelve carbocyanines, each having an a lkyl group 
a ttached to t he central carbon a tom of the trimethine chain, 
show that the character of the sensitization by dyes of ·t his very 
important group is quite dependent upon conditions. In every 
case, the maximum sensitivity occurring at the longest wave 
length may appear and disappear with change of concentration 
or emulsion type. Between optimum sensit ization and disap
pearance of this maximum, the contrast in this region may fall 
to very low values, indicating that sensitization of a few grains 
of the emulsion is different from tha t of the rest . According to 
Leermakers, Carroll, and Staud, the long wave length maximum 
appears at a high concentration of dye and disappears at low 
concent ration; and some of Schwarz's results may be due to 
changes in concent ration of dye at t he surface of the grains, since 
in some cases he used fine-grain emulsions wit h much surface and 
in other cases, coarse-grain emulsions. Schwarz demonstrated 
that digestion of the emulsion containing the dye aids the appear
ance of the long wave length maXimum, and in some cases 
digestion may be a more important factor than concentration . 
This is presumably due to an orientation of the dye molecules 
during digestion and may be expected to apply especially to 
those cases discovered by Sheppard, Lambert, and Walker 21 

(p. 1077) in which the adsorption of the dye proceeds slowly. In 
a ll cases cited by Schwarz or observed in t he Kodak Labora
tories, the maximum which is sensitive to concent ra tion is at 25 
to 80 lllJ.t toward the long wave length side of the next maximum, 
and it is also sharper than the " low concentration " mnximum. 
There is no case corresponding to Scheibe's ohservution of new 
maxima in solutions appearing at shorter wave lengths with 
increasing concentration. It is noteworthy that 3,3'-dict.hyl-fl
methylthiacarbocyanine and 3,3'-dimethyl-9-ethylthiacnrbocya
nine have identical absorptions in lhethanol solut ion and show 
some similarity in what Schwarz calls their " first type of sensi
t ization " but are quite different in the second type. Schwarz 
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states that this second type of sensit ization is common to carbo
cyanines substituted in the centra l position of the trimethinc 
<~ hain a nd also cites two cases of 2'-cyanines, but he found no 
case among Carbocyanines unsubstitutcd in the chain. Experi
ence in the Kodak Laboratories agrees with this and indicates 
that on ly a small fraction of all sensit izing dyes is capable of 
such notable variation in sensitization, and all of these ~re strong 
sensit izers. The explanation of the behavior of these variable 
sensitizing dyes must lie in the state of aggregation of the dye 
molecules when adsorbed to the sil ver halide. 

THE ORIE NTATIO N OF ADSORBED DYE MOLEC ULES 

Only the first monolayer is important for actual sensit izing, 
since optimum sensit izing is achieved before the commencement 
of a second layer. The question arises of the orientation 'llnd 
packing of t he dye molecules of the first layer upon the surface 
of the crystal. All the atoms in the resonance chain (of con
jugated double bonds) may be assumed to lie in one plane, since 
only so could their valence shells be approximately regular tetra
hedra in both extreme phases of the resonance. From data on 
atomic radii , bond distances, and angles in analogous compounds, 
M. L. Huggins 21 computed the approximate areas occupied (in 
close packing) for a ca rbocyanine dye and for erythrosine (a) 
for flat molecules, (b) for molecules on edge, and (c) for mole
cules on end. These values do not take into account specific 

(a) Flat 
(b) Edge-on 
(c) End-on 

TABLE LXXXVIII 

A !lf!Tfl {#i A rca for CWse Pach'ng 
A Carbo.::yanirn: Eryth rQ/Iirn: 

140A1 132A1 

58 78 
26 75 

effects of the arrangement of ions in the crystal surface upon t he 
packing of the dye molecules. In a surface covered by dye ions, 
the distance between Br- ions (for sil ver bromide) may be 
assumed to be the same as in the crystal (4.07 A). The area per 

Br- in an octahedra l (Ill ) face is, then, (4.07)2 X~ = 14.34 A2• 
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Huggins calculated various po:;.!Sible unit cells in the surface la.ycr 
and therefrom the number of Dr- ions pet· dye ion cil.hcr in 
register with Br- ion layer or closely p:wked. Va.!ur-1$ for other 
dyes may be calculated similarly. 

A .-.o rhor.yanine (o) 
(b) 
(<) 

J::rythnJ.~inc (o) 
(b) 
(<) 

TABLE LXXX IX 

Flat 
Edge-on 
Jo:nd-<Jn 

FJ,t 
gdge-on 
E nd-<Jn 

Numbt>r of Br- per Dye Ion 
l111leyisterwith 

Br- Lay~r 

u; ,....., [2 
4or 5 
2ur 3 

10 ,....., 0 
G 
6 

ClO!Jcly Packed 
9.5,....., 10 

- 4 
1.8-1.0 

0.2 
5 . .'". 
5.2 

T he experimental resul ts are not quite unambiguous- t he 
figures vary between three (pn.ge 1063) and ten (page 1069) bro
mide ions per dye molecule; the latter figure is supported by 
the most complete data. Sheppard gave as the most prob
:tble values for the cyanine dyes 4- 6 bromide ions per dye ion 
adsorbed, which would indicate vertical edge-on piling of the dye 
molecules. The figure of 10, from the data of Table LXXXVII, 
corresponds to closely packed flat adsorption. For erythrosine 
the value was 8- 14 bromide ions, corresponding to flat adsorp
t ion; but some further study is required in t his case. 

A conception of the arrangement of cya.nine dye mole<:ules 
adsorbed to silver halide was deduced from adsorption experi
ments by Sheppard' and Sheppard, Lambert, and Walker.~' As 
already stated, they concluded that the cya.nine dyes were ad
sorbed edge-on by the ionizable hydrophile nitrogens (or corre
::~ponding groups). The molecules have a dorsi-ventral character 
such tha.t the hydrophobiC back has no affinity for water, and 
the adsorption is genera lly irreversible. By virtue of this orien
tation, in close packing, packets of parallel planar molecules are 
formed, like packs of cards edge-on with an interval of about 
3.5 A between t he molecules (or dye cations). These packets 
were regarded as constituting the "aggregates" of Leermakers, 
Carroll, and Staud and the "nematic" phase of Jelley and as 
being responsible for the variable absorpt ion a.nd sen:;itizing 
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bands of the dyes studied by Schwarz ~~ a nd by Leermakers, 
Carroll, and Staud. 

J clley 8 gave evidence hom birefringence and dichroism that 
in t he case of the pseudocyl'tnines, the new absorption band 
was associated with the formation of a mesomorphic, probably 
nemntic, phase, :wd that the absorption corresponded to a tran
sition parallel to the axis of the filaments. Scheibe 7·t6 adduced 
similar and further evidence for " reversible polymers" as fi la
mentous aggregates of dye cations. From adsorption experi
ments on mica (.Muscovite), he obtained a picture of the adsorbed 
dye similar to t hat of Sheppard, of orthogonally oriented, paral lel
piled cations, with an interval of -:J.7 A; but he concluded that 
t hey formed staggered arrays: 

He also gave evidence that the new oscillation must be pamllcl 
to the axis of the filament and perpendicular to the plane of the 
component molecules. While :::lcheibe's results establish the char
:wter of the cation aggregation in the new phase, they do not 
completely specify the conditions for the new absorption band. 
Leermukers, Carroll, and Staud showed that the absorption 
bands of dyed silver bromide were affected reversibly by 
moisture. This was confirmed by Sheppard, Lambert, and 
Walker; they found further that while adsorption from alcohol 
to the molecular state was irt·eversible, the aggrega.te phase was 
dc.sorhed hy :tl<:ohol and redeposited as the moleeular phase, but 
iu the prcsen<:e of water vapor t.he aggregate phase was pro
duced aga.in. 

The importance of wa.t.e1· for the new absorption hand of 
pseurlocy:mincs was also observed by Scheibe and by .Jelley, 
who obtained in addition evidence for the existence of slightly 
different hydrated mesomorphom; and crystalline states. 

At least two factors, then, are neeessary for the aggregate 
ahsorptiou hnnd ; a structure of planar molecules arranged in 
pamllel card-p1wk fashion, nt interval~ of 3.5 A, and hydration. 
The following provisional model is suggc.st.ed hy Sheppard: Sup
poi:ie that the nitrogen atoms arc in the plane of the pnper and 
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t he dye cations are perpendicular to this plane and parallel to 
each other: 

N ~ N+ & N 

The distance bet ween is ""'3.5 A. Then, it is further supposed 
that water molecules between the N-atoms of a doublet afford 
replaceably mobile electrons which permit resonance, perpen-

+ 0 

dicular to the molecule, of > N ;:::! N <. This is repeated by 
alternate pairs and furnishes a ground and upper state deter
mining the spectral position of t he new band. The active cells 
are alternate with l:limilar inactive ones; hence, t he band strength 
grows with length of filament, but the wave length does not 
change. 

Sheppard considers that the most important evidence for t.he 
necessity for planarity in the molecules of dyes having sensit.izinv; 
power is supplied by the study of t wo isomeric pairs of cyuuiuc 
dyes derived from ,8-naphihoquinoline and phenanthridine, re
spectively. T hese were prepared by Brooker and Keyes and 
have t he formulas : 

0;LH~W 
Et Etl 

(a) 
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~,.W 
Et Et I 

(<) 

Brooker and Keyes observed t hat dyes (a) and (c) are sensit izers, 
while (b) and (d) do not scnsitizeY This was confirmed by 
Lcermakers, Carroll , and Staud, who observed adsorption of all 
four dyes to emulsion grains, with norma l absorption of light, 
as determined by the reflectance of the dyed sil ver ha lide. 
Sheppard , Lambert, and Walker found that the adsorption rates 
of the non-sensitizing isomers in t he presence of gela.tin are con
siderably lower than that of the sensitizers, but all t he equilib
rium values agree well with calculations from the areas of the 
dye molecu les. The adsorption data, then, do not indicate any 
difference between the sensitizing and non-sensitizing isomers. 
A difference 'vas found in the steri c impedance which prevents 
the non-sensitizing isomers from assuming a planar form. From 
the formulas for these isomers using correct bond angles and 
interatomic distances, it can be seen that complete planarity of 
the molecule is not possible in case (b) or (d) un less the 3,4-benzo 
radical is brought within a distance of approximately I. 7 A of the 
opposite quinoline or ,8-naphthoquinoline group. The formulas 
of other non-sensitizing cyanine dyes deri ved from isoquinoline 28 

and from 5-mcthyl-acridinet!l are also nonplanar. However, 
Brooker* has prepared the phenanthridine dye 

o2CH-CH~H-CH~H.m • 
1h Et l 

which was found to be de void of sensit izing; properties. There 
is no reason why this dye should be non planar, as t he phenanthri
dine nuclei are well separated and steric hindrance does not 

• J,.G. S. Brooker. pri vBtecommuni<:Btion. 
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occur. T his indica tes that some factor other than nonplanarity 
may deprive a. cyu.uine dye of sensitizing power. 

THE PHOTOLYTIC PROCE1:)S WITH OI'TICAI~LY SE~SITIZED 
SILVER HALIUES 

T he photolytic process in a. photographic emulsion seems to 
take t he same course whether the light is absorbed directly by 
the silver ha lide or the light of longer wave lengths is absorbed 
by a sensitizing dye.30 Evidence of the same primary process
the relea.._"C of an electron-is given h.r the phot.ovoltn ic effect 
which is p roduced in dye-sensit ized emulsions by the light ab
sorbed by the d ye, in the same \vay as by blue light in un;:;cnsi
t ized emulsions (Chapter IV, p. 17G) . The para llelism between 
photolytic a nd photographic procc::;ses wh ich was found t-0 be 
charucleristie for unscnsit,ized emulsions is equally valid in .sensi
t ized emulsions. Sheppard, Lambert, and Walker 31 added iso
meric cya nine dyes to silver bromide, one of the dyes being :t 
sensitizer a.nd t.he other a nom~ensit.izer, and compared the 
photolytic y ields of silver. Photoly~-iis by the nonsensitizing 
dye was negligible, while with the Rensit.izing dye a normal 
amount of silver was produced. The close relation between the 
photographic and the photolytic reactions for light absorbed by 
the sensit izing d ye is further shown in Figure 405. T he curve 
for· t he silver produced photolytically is very similar in shape to 
that for sensit ivity. The maxima. of both occur for ncnrly t he 
&'lmc amount of dye adsorbed at the slu-fac:e. 

The mellS.Urcmeut of t he a bsorpt ion of light hy the dye is a 
serious difficu lty in dete rmining the amouut of silver correspond
ing to t he absorpt ion of :l given amount of energy by sensit-ized 
sil ver halide. Sheppard , La rnbcr·t., and 'Valker 32 found that the 
value for t he ini tial quantum equivalent vuried from 0.78 to 
1.28, wit h an averag;e value of 1.14, which su_R;ge:-ts tlrut for t he 
reaction 

/Ji~~: + lw = /) + .\~ + Br·, 

the quantum equivalent. is unity . ThiR agrees wit.h the results 
obt.Rined hy a. numher of workers for 1mscnsiti7.crl :.;ilver hromide 
(Chapf~r I V). 

Two hypot heses a . .., t.u th£~ act.u:d mcchHnism of opt.i<·:d ~u:-i

t izing arc possible : That t.hc dye itself is changed by the netion 
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of light nn<.l, iu tum , reduces the ~il ver halide; or that the dye 
t ransfer:s to t he silver halide the energy whic;h it u.b:sorb.s but is 
uot itself a-ffected by iL 

For very low exposures, the amoun t of dye m~dcd wa.s ca lcu
la.tcd by Eggert aud Biltz ~a for an emulsion optima lly :-:cm;it ized 
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FuL 405. Hclatinn between t he photographic n.nd the plwto lytic rc:lctions 
for dye-sensitized silver ha lide. 

for green. T he ealcu lateJ surface of the grains equals t hat of 
t he ndsorbcd dye within the rather wide limits of error, indi
cating a monomolecular layer of dye. Exposure to green light 
suff'icient to produce a developed density of 0.1 above fog con·e
spondcd to a.u average of one quantum per gmin absorbed by 
the dye. In a random distribut ion of such an exposure, fi ve 
per cent of t he grains would absorb three quanta , and one per 
cent, four quant-a. Not more than five per cent of the grains 
were made developable, so that under these conditions, the most 
sensitive grains were made developable by three to four quanta. 
As an average grain had adsorbed 7 X 10" molecules of dye, 
only a small fract ion of the dye molecules could have funct ioned 
in the exposure. 
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For high exposures, Lescynski 34 determined the amount of 
photo-silver formed by a given exposure to light of pure sil ver 
bromide emulsions to which erythrosine had been added. The 
silver produced by an exposure for about the maximum yield 
compared with the amount of dye t~dded showed that about 
twenty silver atoms were formed for each molecule of dye pres
ent. Lescynski's observations were confirmed by Tollert,3~ who 
pointed out that only about 15 per cent of the erythrosine added 
to the emulsion was adsorbed to the silver bromide under the ex
perimental conditions used. He observed that the silver formed 
increa.o:;ed to a maximum, at which point about !:lixty atoms of 
!:li lver 'vere formed for each molecule of erythrosine adsorbed. 

Bokinik and lljina,22 who carried out a similar investigation, 
used a silver bromide hydrosol of ultramicroscopic partieles 

· stabilized by a slight excess of bromide ions instead of the emul
sions used by Tollert. They found that from four to fifteen 
atoms of silver were produced per molecule of dye adsorbed , 
depending upon the exposure. These results accord with the 
idea that the dye itself docs not change under the action of light 
but merely passes on the absorbed energy to the silver halide. 
A direct photochemical reaction of the dye would only be possible 
if the dye were regenerated as it was decomposed or if the dye 
were decomposed with such an excess of energy that a chain of 
reactions was started. The latter hypothesis is excluded by the 
fact that approximately one silver atom is produced per quan· 
tum absorbed. 

Sheppard, Lambert, and Walker 32 investigated the action of 
light on dyes adsorbed both to silver halide grains and to silver 
bromide hydrosols similar to those used by Bokinik and Iljina. 
The !:lilver was determined either by direct analysis with iodine 
or by photoelectric photometry as proposed by van Kreveld and 
Jurriens.36 The precision of this latter method is given as fifteen 
mierograms of silver. It was found that erythrosine is destroyed 
progressively upon exposure, whether the light is that absorbed 
by the dye or is blue light absorbed by the silver bromide. 
From one to two atoms of silver are produced for each dye 
molecule destroyed. This suggests that the destruction of the 
dye is due to the bromine released upon exposure, which was 
confirmed by the use of halogen acceptors . In the presence of 
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acetone semica.rbazone, or phenol, the dye was not destroyed, 
although silver was still produced. The function of a halogen 
acceptor, however, in protecting t he dye was found to be k ss 
simple than originally assumed. The slow addition of a dilut-e 
solut ion of bromine to a solution of dye containing a halogen 
acceptor produced discoloration. If the addition was discon
tinued :~s soon as the solution wa-'l discolored, the color returned 
and the dye was recovered unchanged. The dye was regener
ated also if a solut ion of the decolorized, ln·ominated dye was 
added to a halogen acceptor; and, in the same way, brominated 
dye added to a silver sol was regenerated with the product ion 
of silver bromide. 

Thus, there are still two possibilities for the action of a dye 
in sensitizing: The absorbed energy may be transferred directly 
from t he dye to the silver halide without any primary change 
in the dye, or the dye itself may be decomposed with the dis
sociation of the silver bromide as a secondary reaction and 
regeneration of the dye. There is at present insufficient experi
mental evidence for a decision between the two possibilit.ies, but 
some light may be thrown upon the subject if it is considered 
from the standpoint of t he Gurney-.Mott mechanism for t he 
product ion of the latent image (Chapt.er I V). The absorption 
of light by a dyed silver halide grain is followed by the libera tion 
of an electron which moves through the crystal until it is trapped 
in a deformation of the latt ice. The trapped electron neutralizes 
the silver ion, reaching the same spot, aud converts it into a silver 
atom; but whereas with unscnsitized silver bromide the electron 
is supplied by a bromide ion aft.er absorption of a light quantum, 
the bromide ion being converted into a hromine nlom, the origin 
of the electron in the sensitized reaction is not known. T he 
liberation of an elect ron can be attributed either to the dye 
molecule after absorption o1· to the bromide ion to which the dye 
transfers the energy received by the absorption of light. Such 
a tmnsfer of energy without radiation is well known and has 
been discussed extensivclyY The ejeCtion of an elecl.ron from 
the dye molecule involves the transfer of an clccti'On from a 
bi'Omide ion, which liberates a bromine atom and regenerates 
the dye. T he bromide ion seems to be essential, however, for 
the sensitizing act ion of erythrosine, as was shown by Sheppard, 
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Walker, and Lambert. Although silver erythrosinate ha:; t.he 
same absorption spectrum as silver bromide dyed with erythro
sine (page 1060), it does not show the same photolytic effect. 
An exposure which produced a large amount of silver from silver 
bromide dyed with eryt hrosine, and liberated an equivalent 
amount of bromine, produced no appreciable liberation of silver 
in silver erythrosinate. Thus, the photochemical effect depends 
upon the dye and the bromine ion in association. 

An illustration of the possibl<~ mechanism is given in Figure 
406. The silver bromide lattice is represented in the usual way 

~--------Z-'EQ_!;~cR_G~-----------7 

~'Jnn,:~,:\nn rtf: 
6r Aq 6r .a.q Br Aq ~r Aq ~r DVE 

DISTANCE 

FIG. 40G. Energy levels uf electrons in dye-sensitized sil\'er bromide . 

by the energy cu rves of the silver bromide, and the energy levels 
of t he electrons in t heir normal positions arc located in the lower 
band. To raise them to the conductance len!, the absorption 
of a sufficiently great quantum of energy by the silver bromide 
itself is required. At the surface, however, a dye electron can 
be rniscd from level a to level b by the absorption of a smaller 
quantum. The electron is now free to move in the conductance 
band, while the adjacent bromide ion transfers its electron to 
level a, the necessn ry energy for this transfer being supplied by 
t.he dose coupling: bet ween the rl.ye and t.he bromide ion. Alter
nat.inl.r, t he electron may fall haek from level b to level n., while 
the cnerg_\' is t.nm!-:miUed h.v J"csonanec to t.he :Hlj:H~ent hl'Omide 
ion , wllieh, :1gain, hy using: Uw enc rp;y of eoupling:, may t.ransfcr 
t.lw eleetron into the cond ut"t.:uwe ham!. This t.J·nnsfer of enerKv 
f!Oilld not take place ovet' any appreciahlc distance in Yicw of 
t.he neee1:>sary supplementary energy, which can be provided only 
from a coupling \Vit.h an adjacent particle . 
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It is st.-en that t here is no essent ia l difference between t he two 
t~oun;c.s cousidered aud thai UJC el:i::sential change is t he ~ame, 
whether the electron fmm the dye i::s li bcn1ted in the condudanre 
ba.nd or t he electron from t he bromide ion i:s tran::sferred to the 
conductance baud ; but bot h vie\V::S a :s:sumc tlmt energy is drawn 
from t he coupling forces. The importance of these <:ouplin~ 

forces for scm;itizin~ iH connected with the importance of the 
orientation of t he dye molecules on the surface of the silver halide 
crystals discussed previously. 
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PART VI 

OPTICAL SENSITIZING 



CHAPTER XXIII 

SPECTRAL SENSITIVITY 

The action of the solar spectrum upon silver chloride was first 
studied i n 1777 by Scheele, who noticed that blackening was 
much more rapidly produced by violet light than by light of 
other colors. Scheele's J'esults were confirmed by Senehier in 
1782, and by projecting the spectrum upon silver chloride Ritter 
discovered t he ultraviolet in 1801, this discovery being made 
almost simultaneous ly by 'Vol!a.ston in 1802. Wollaston dre\V 
attention to the fact that the more refrangible radiations were 
chemically the most active and called them chemical radiations. 

T he spectral sensitivity of photographic material s is governed 
by their absorption, in accordance with Grotthus' law.* Thus, 
silver chloride , which is almost colorless, is sensitive only to 
ultraviolet and extreme violet. Sil ver bromide, which is pale 
yellow, is sensitive well into the blue. 

The spectra l sensitivity and spectral absorption curves of 
emulsions made with pure silver ch loride and si lver bromide, 
and also of a bromo-iodide emulsion, are shown in Figure 364. 
The speetral absorptions were determined 'vith a n automatie 
spectrophotometer of the Hardy type. The values of total 
reflcctanee and transmittance in diffuse illumination were 
added and the sum subtracted from 100 per cent. lllumination 
of the sample by dispersed light and rapid operation reduced 
blackening of the emulsion to a rrtinimum; and t he sum of 
reflectance and transmittance in the longer wave lengths was 
96 per cent or higher, so that this method can be assumed to 
measure the true absorption with reasonable accuracy in spite 
of the scatter by the sample. The sensitivity curves 'vere ob
tained by exposure in a monochromatie sensitometer of the 
general t ype first described by .Jones and Sandvik.1 Sensi
t ivity is expressed as the inverse of the ineident energy of a given 

• ThiH law Wlll! mdiHcovcrcd by Draper in IS4l and enunciated by him as follows: 
"The cla~micul net ion produced by the rays of light depends on the al""'-'rJ>tion of thL'IIO 
ruyH by &msitive bodie~~.'• 

961 
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wave length necessary to produce a density of unity. Agree
ment between the abso rption and sensitivity curves is adequate. 
Maximum sensit ivity is reac hed at an absorpt ion of 60 to 70 
per cent. This would have been altered appreciably by choice 
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of anot her density for measurement of sensitivity. At a density 
of un ity, not more than one fourth of the sil ver halide has been 
reduced, n nd this is principally in the upper part of the emulsion. 
Further incrense in total absorption confines the effective ex
posure to a thinner and th inner layer in which the proportion 
of grains developable increases quite slowly with exposure, so 
that the change in sensitivity with absorption becomes corre
spondingly small. Mixtures of silver chloride and bromide have 
::;en .o:; it ivities intermediate between those of t he single ha lides. 

The absorption curve of a very fine-grained dispersion of 
silver iodide in gelat in is given in Figure 365. The photo-
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A"raphic sensitivity is too low to be measured in a monochromatic 
sensitometer; but wedge spect rograms of silver iodide, both a.s a 
A"elat in emulsion and as collodion wet plate, are given by Huse 
and Meulendyke.2 These show a maximum at 420 m~ eorre-
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FIG. 365. Absorption curve of fine-grained silver iodide in gelatin. 

spondillg to the peak of absorption at the same point. :Most 
practical emulsions arc made with silver bromide containing 
small amounts of iodide. Their absorption and sensitivity do 
not fall between those of emulsions made with pure bromide 
and iodide. The color of mixtures containing more than one 
per cent of iodide is deeper than that of i-iilver iodide. Wi lsey 3 

showed that if silver bromide and iodide are fused together, 
the mixed crystals have the simple cubic lattice character
it~tic of silver bromide up to about forty mol per cent iodide, 
bu t the spacing of the lattice becomes greater \vith increasing 



964 THE THEORY OF THE PHO TOGRAPHIC PROCESS 

proportion of iodide. At about thirty per cent, the hexagonal 
lattice of silver iodide appears (Chapter I, p. 30). Huse and 
Meulendyke prepa.rcd emulsions with increasing amount-s of 
iodide and found that up to thirty mol per cent the color be
came deeper and the sensitivity extended to longer wave lengths. 
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F10. 366. Spectral sensitivity curves of silver bromide containing vary
ing J)tOJ)Ortions of silver iodide. (In Figs. 366-369, t he sensitivity is 
cxprCSlrod ns the logarithm of the ergs per square em. required to produce, 
uftcr development,:~ density of 0.1 above the fog density.) 

At thirty-two mol per cent, the characteristic sensitivity maxi
mum of silver iodide appea red at 420 IDJ-1, indicating that the 
limit of stable mixed crystals is between thirty and forty per 
cent. Spectral sensitivity curves of silver bromide containing 
varying proport ions of silver iodide are given in Figure 366, 
taken from a paper by Eggert and Biltz. 4 The mnximum 
sensitivity of silver bromo-iodide lies well into the ultraviolet, 
but the effective maximum of an emulsion in gelatin was found 
by Jones and Sandvik to be close to 350 illJ-1 because of the ab
sorption of gelatin. This begins in the violet and increases with 
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decreasing wave length. At about 200 m~ it is so strong that 
the sensitivity of an ordinary emulsion disappears, to reappear 
in the X-ray region. Other colloids have different absorp
tions, but none is adequately transparent below 250 m~. For 
photography of the far ultraviolet, it is necessary to use emul
sions very low in gelatin (Schumann plates) or ordinary emul
sions coated with fluorescent materials. 

Eggert and his collaborators ~ have studied the sensitivity 
of unsensitized emulsions in detail. Their data show that the 
sensitivity of silver bromide is proportional to its absorption of 
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Fro . 367. Relation between the sensitivity of a colloid-free silver bromide 
coating and its extinction coefficient for light. 

light, so that the decrease in sensitivity with increasing wave 
length is caused by decrease in absorption only and not by a 
decrease in intrinsic sensitivity. In F igure 367, taken from 
Eggert and Klcinschrodt, the logarithm of sensitivity of a 
colloid-free silver bromide coating is plotted against the extinc
t ion coefficient calculated from the measurements of Slade and 
Toy and of Hilsch and Pohl; the change in slope frOm 400 to 
420 m~ is caused by the lack of proportionality between extinc
tion coefficient and absorption as the absorption becomes 
stronger. 

When the measurements in Eggert's laboratory were extended 
to longer wave lengths, it was found that the spectral sensitivity 
curve of pure silver bromide emulsions has a break at about 500 
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mp, as shown in Figure 368. Eggert suggests that at this point 
the absorption of light by impurities and breaks in the eryst.a l 
lattice (the "eleetron traps " of Gurney and .Mott) come into 
play. 'Vhen the emulsion contains silver iodide, the break in 
t.he curve occurs at a longer wave length, depending on the 
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l~' r a. 308. Spectr·al sensitivity of a pure bromide emulsion for the longer 
waYC lengths. Solid line, developed imuge; broken line, visible imuge pro
du ced by ligh t. 

woportion of iodide present (Figure 366). The curves for all 
proportions of iodide appear to join the curve for pure bromide, 
indicating that the iodide has acted as an opt.ieal sensitizer. 
The effect of dye sensitizing is similar to that of iodide. 

Eggert and Kleinsehrodt studied the spectral sensitivity of 
unsensitized emulsions in relation to the protective colloid and 
method of preparation. Their results are summarized in 
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Figure 369. The break in the curve at about 500 m~ was ob
served in every case except that of colloid-free silver bromide. 
The slope of the curve past 500 m~ decreased with inc1·ensed 
ripening of the emulsion, as would be expected if it is caused by 
the chemical products of the process. The break in the curve 
Occurred even when collodion and hydrated cellulose replaced 
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agents, plotted to give cquu.ll!cnsitivity at ;>.. 400 m~. 

gelatin. The extent of the break depended on the type of 
gcla.t.in and the emulsion formula; it almost disappeared on u.sing 
a special inert gelatin. These data are consistent with the 
hypothesis that sensitivity in the region past 500 m~ depends 
on absorption by specks of foreign material in the st.ructmc of 
the silver bromide grains. From 650 to 750 m~, sensitivity uga in 
decreased more rapidly. 

The sensitivity of silver halides for wave lengths greater t.hnn 
500 m~ is negligible for practical purposes, and the spect.J-al 
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absorption of the emulsion must be extended if it is to be used 
for this region. This is done by means of dyes in the usual 
process of optical sensitization, but other means not clearly 
understood were discovered and used in the early days of the art. 
Abney 6 prepared a special collodion emulsion by digestion wit h 
an excess of si lver salts. It was blue by transmitted light and 
sensit ive throughout the visible spectrum and well into the 
infrared. With this material, he photographed the solar spec
trum to 1075 m,~.~. Abney's preparation was successfully re
peated by Ritz, 1 although other investigators have failed. A 
similar (alt hough lesser) extension of sensitivity in gelatin 
emulsions was observed by Capstaff and Bullock 8 in gelatin 
emulsion plates which had been bathed in dilute solut ions of 
bisulfites, fo llowed by a prolonged wash in faintly alka line water. 
Neither of these methods is of use in practice. It is believed 
that both are forms of sensit ization by colloida l si lver. Sensi
tization for photolysis by the sil ver first formed was observed 
by Becquerel 9 in the ea rl y days of photography and studied 
quant itatively by Weigert.10 There is no direct evidence of 
sensit ization by colloidal sil ver for latent-image formation ; but 
Wightman, Trivelli, a nd Sheppard n demonstrated the marked 
sensitivity of photohalides for longer wave lengths. Silver 
sulfide may act both as an optical sensitizer and a chemica l 
sensitizer.12 

Sheppard 13 reviewed the subject of optical sensit ization by 
sil ver and silver sulfide and concluded that it " is primarily 
due to sensitized photoelectric emission by sil ver amicrons and 
ul tramicrons." Other minor effec ts are known, such as the 
sensitization produced in some emulsions by bathing with 
dilute solutions of iodide or cyanide.u 

SENSITIZING BY DYES 

The discovery that t he addit ion of a dye to a silver bromide 
emulsion confers sensitivity to the portion of the spectrum 
absorbed by t he dye was made in 1873 by Vogel. 

While investigating some collodion dry plates, he noticed that 
upon exposure to the solar spectrum they showed some sen:-; i
tivity in the green, and he found that this unusual sensitivity 
was due to t he presence in the plate of a yellow dye which had 
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been added to prevent halation. 1 ~ Vogel sought to reproduce 
the effect by impregnating a silver bromide plate with a dye 
which absorbed green light. He chose coralline and found that 
the plates behaved as he had hoped. The experiment was modi
fied by the use of dyes which absorbed red, and among the green 
aniline dyes were found some which absorbed red strongly, one 
of ,,,..hieh sensitized emulsions to the red portion of the spectrum. 

It was clear to Vogel that he had discovered a phenomenon of 
the greatest significance, and he himself says: 

"It may be assumed with considerable certainty that we are in 
the position to render silver bromide emulsions sensitive to any 
desired color as well as to increase the normal sensitiveness to 
certain colors. It is only necessary to add a substance which pro
motes the decomposition of the silver bromide and which absorbs 
the desired colors and not the others. Perhaps it will be possible 
to photograph the infrared in the same way as the ultraviolet. 
It had previously been supposed that the silver halides were only 
altered by the rays that they absorbed (Sehultz-Scllack, Ber., 4, 
211; lSi I) ... the above work shows that not only the absorption 
of the halides but the absorption of substances mixed with them is 
significant.'' 

Vogel's discovery excited considerable attention, a lthough 
at first a number of investigators attempted to repeat his ex
periments without success. 16 But others supported them,17 and 
it gradually became known that for the effect to be clearly 
observed, t he dye should be very pure and used in rather high 
dilution, conditions that were probably not fulfilled in much of 
the early work. 

However, all dyes do not possess sensitizing action, and many 
give rise to side effects which spoil the emulsions. Even with 
dyes considered most suitable, Vogel himself obtained only one 
good plate to five bad ones, and under these conditions the proc
ess could not be introduced commercially. .A .. t about this time, 
gelatin dry plates were coming into use; and with them optical 
sensitizers, as they came to be known, gave such poor results 
that Vogel regarded this as characteristic of this type of material. 

In spite of early discouragement, however, optical sensitizers 
were adopted, the first commercial use being made in France, 
where in 1875 Ducos du Hauron and C. Cros used coralline for 
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preparing green-sensitive plates for color photography and 
chlorophyll for red-sensitive, this material having been found by 
Becqucrcl 1 7~ to be n red sensitizer. Waterhouse found that 
eosin (l..ctrabromofluorescein) could be used as a green sensitizer 
for collodion plates m.u and was superior to coralline. Wet 
collodion plates sensit ized with eosin and ethyl eosin were also 
used from about 1878 by A. and G. Braun for photographing 
paintings in the galleries of Madrid and St. Petersburg. 

In 1882, Attout (called Tailfer) and Clayton found that eosin 
could he used to sensitize gelatin emulsions and obtained patents 
in England and France. Plates were made under these patents 
by several enrly manufacturers and termed isochromatic plat-es. 
Vogel used eosin as a sensitizer in the form of its silver salt. 
P lates so sensitized were manufactured by J. B. Obernctter of 
Munich and sold as 11 0bcrnetter-Vogel-Eosin-Silvcr Plates." 

By 188:3, .Edcr had systematically investigated the dyes of the 
eosin series as sensit izers and found that crythrosinc (5) (tetra
iodofluorescein) was especially valuable as a green sensitizer 
for gela.t.in emulsions and superior to eosin. .Eder's results were 
published, a.nd the first erythrosine-scnsiLized plates were made 
in 1884 by t he firm of LOwy and Plener in Vienna and named 
orthochromatic plates. The use of erythrosine has continued to 
the present day. 

E tlcr investigated t he relat ion between t he absorpt ion and 
sensitizing bands of dyes more closely than had been done by 
Vogel and found that, in general, a dye sensitizes about 20-40 
mJJ. farther towards the red than it absorbs. 

In IS84 also, Vogel found that quinoline red, then newly 
discovered, could be used as a green sensitizer and retains its 
action if used together with cyanine, which is a red sensitizer. 
Vogel marketed a mixture of the dyes under the name of azalin,19 

with which plates were made. The new plates had poor keeping 
qualities and were still predominantly blue-sensitive, but by t he 
use of strong yellow fi lters they could be used for photogmphing 
paint ing;s. They 'vere used by Kaiser and Runge in their 
researches on a rc spectra. 

Dyes of pract ically all the then known classes were examined 
as sensitizers, more than 140 being examined by Eder and 
Valenta alone.20 Many were found which were effect ive to a 
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slight extent but today are on ly of historica l interest. Thus, 
those considered relatively outstanding among the azo dyes 
included fast red, congo red, g~ycine red, and benzo nitro! brown; 
in t he rosan iline series, ethyl violet and formyl violet S4B; and 
among other dyes acridine orange, alizarine blue, discovered to be 
a sensitizer by Eberhard, the oxazines, indulines, and nigrosines. 
A serious defect of many of the dyes used in these early in vestiga
tions was their desensitizing action, so that, although they eon
felTed sensitivity to the longer wave length regions of the spec
trum, sensitivity to white light was materially reduced. 

The next step forward is due to :Miethe and T rauhe/1 who, in 
1901, synthesized dyes especia lly for use as sensitizers. T hey 
prepa red homologs of cyanine and later obtained bluish-red 
dyes by substituting quinaldine for lepidi ne. These were 
thought to be new dyes, but it was soon realized that they had 
been made before by Hoogewerff and VanDorp 22 and also by 
Spalteholz 23 and had been named isocyanines by the former.• 
A series of these isocyanines was prepared, t he N,N-dime thy l 
and diethyl homologs proving the most satisfactory; the latter 
was named ethyl red (86) . High purity was found essential 
for the best results, and their use produced much stronger 
sensitization in the green and yellow regions of the spectrum, 
although not in t he red, t han had previously been attained. 

From then on, attention was concentrated on the cyanines, 
this group yielding much better sensitizers than any other. 
Aside from their photographic value, the cyanines have very 
li ttle commercial significance; in general, they are far too fugi
tive for usc as texti le dyes. 

The next de velopments are largely associated with the name 
of Dr. E. KOnig, who worked in the laboratories at Hoechst 
(Farbwerkc vorm. Meister, Lucius and BrUning) . M iethe and 
T raube had been unable to extend the sensitizing range of their 
isocyanines toward t he red by increasing the complexity of the 
alkyl groups attached to nitrogen; but KOnig achieved the de
sired result by in troducing substituents into the quinoline 
nuclei, thus weighting the dye molecule.24 The substituted 
isocyanines so obtained were excellent sensitizers, both for 

• For the Hlructure of the cyanin<:: dye~~ and for t h<::ir general chemistry, soo Chapter 
XXIV. The numbers which follow t he nameB of dyee refer to the formula numben in 
th,.tchapt<Jr. 
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collodion and gelatin emulsions, and were superior to anything 
previously availab le. Pinaverdol had one methyl group a.s a 
substituent and orthochrome (87) had two, and these were good 
green and yellow sensit izers. In pinach rome (88), two ethoxy 
groups were introduced, and it absorbed and sensitized farther 
into the red, while pinachrome violet (89), having two added 
dimet hylamino groups, sensit ized to still longer wave lengths.* 
The new dyes were protected by patents which were issued 
from about 1903 onward, and somewhat similar dyes and dye 
mixtures were marketed by other German manufacturers. 

None of these dyes was satisfactory as a red sensitizer, but 
in 1905 Homolka/~ one of KOnig's colleagues, found that a very 
good red sensitizer could be prepared by carrying out the ethyl 
red condensation in the presence of formaldehyde or chloro
form. The new product was named pinacyanol (24) and recog
ni zed as belonging to a new and d istinct group, although its 
structure remained obscure until Mills and Hamer, in 1920, 
showed that it belonged to the class which they termed ca rbo
cyanines, the nuclei being linked by the chain =CH- CH =CH
as compared with the =CH- linkage of the older cyanines.26 

In the meantime, however, it came into general use. Plates 
sensit ized with pinacyan ol combined with pinachrome were 
produced commercially as panchromatic plates by the firm of 
Wratten and Wainwright, Ltd., in 1906, and were much faster 
than the azalin-sensitized pla tes of an earlier era, so that the tak
ing of instantaneous photographs by red light became practicable. 

A dye similar in structure to pinacyanol but containing two 
,8-naphthoquinoline nuclei was later prepared at 1-Ioechst and 
called pinacyanol blue. The structure was not disclosed at t he 
time, and the dye was rediscovered by Gutekunst 27 under the 
name of naphthocyanol. 

In 1903, a patent 28 described the preparat ion of dyes by the 
action of alkali on 2- and/or 4-methylquinoline quaternary salts 
in the presence of an oxidizing agent. From a quaternary sa lt 
of 2,4-dimethylquinoline, a dye was obtained which sensit ized 
for the red and infrared, and this was placed on the market 
under the name of dicyanine by the Hocchst Dye Works; and 
the same firm subsequen tly intmduced a modifica t ion, dicyanine 

• For the ab!!Orption apedra of thC!!(l dyL'II, BL'Ol ~·iguro382. p. 1023. 
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A, which contained ethoxy groups as substituents. The struc
ture of these dyes was not known until 1924, when Mills a nd 
Odams 29 showed that the dicyanines belong to the carboCyanine 
group and are, in fact, 2,4'-carbocyanines (25) . The sensitizing 
action of the dicyanines was not intense, and they were unstable 
and difficult to u.pply satisfactorily; nevertheless, their action 
extended far into the infrared, and, using them, ]\.ferrill,30 

.:\.-1eggers,31 and Brackett 32 photographed lines in the solar spec
trum to about 985 m.u, t hereby approaching although not sur
passing, t he point reached by Abney. 6 

In 1919, Adams and H aller, working at the U. S. Department 
of Agriculture, Bureau of Chemistry, discovered a new dye of 
unknown structure which they accordingly named krypto
cyanine.33 The dye was produced by the action of alkali on 
lepidine ethiodide in the presence of formaldehyde and was later 
shown by Mills and Braunholtz to be a 4,4'-carbocyanine 34 (26), 
the nuclei being linked by the chain =CH- CH=CH- , as in 
the case of pinacyanol and dicyanine. This dye was an excel
lent infrared sensitizer, having an intense band between 700 and 
800 m.u, the maximum being at about 750 m.u. Kryptocyanine 
sensitizes quite differently from dicyanine. It is stable and 
easy to use and can be added to the emulsion with excellent 
results, so that ready-sensitized materials could be made without 
difficulty. This dye presented many possibilities. The photog
raphy of the spectrum as far as 800 m.u became easy, but beyond 
this point the dye had very little power and at 900 m.u was in
ferior to dicyanine. 

In 1925, while preparing kryptocyanine, H. T. Clarke of the 
Kodak Research Laboratories noticed that the dye was ac
companied by a second, less soluble one. This dye, which was 
named neocyanine (05), was tested as a sensitizer by Dundon, 
Schoen, a nd Briggs 35 and found to sensitize from 650 m.u to 
900 m.u for moderate exposures, the maximum being at 820 m,u. 
Hypersensitizing of the sensitized plate with ammonia made 
easy the photography of the spectrum to well beyond 1000 m.u 
a nd Babcock, of the 1\.'l ount Wilson Observatory, recorded lines 
as far as 1163 m,u.36 

The demand for sensitizing dyes for use in aerial photography 
had caused their manufacture to be started in 1916 in Engla nd 
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and the United States. In England, investigations were carried 
on at the Cambridge University Laboratories under Pope and 
Mills 37 and culminated in a series of papers by the latter and 
his collaborators, from 1920 to 1928, in which the structures of 
all the cyanin~ then known were established. Alt hough Mills' 
1·eseareh in the cyanine dye field ceased at this point, it pro
vided an effective stimulus in various directions to which others 
were not slow to respond. By showing that pinacyanol, 
~icyanine, and kryptocyanine are dyes in which the nuclei 
are linked by the bridge =CH-CH=CH~ as compared 
with the corresponding linkage =CH- in the simple cya
nines, Mills pointed the way to the further lengthening of the 
connecting chain; and developments in this direction have, 
indeed, provided most striking advances in photographic 
sensitizing. 

Progress continued in several directions. Pina ftavol was 
discovered in 11)20 by Schuloff, who condensed p-dimethyl
aminobenzalclehyde with a -picoline ethiodide. This dye is a 
powerful green sensit izer and belongs to a class related to the 
true cyanines, although distinct from them. Although other 
members of the class arc strong sensitizers, they show, in general, 
a tendency to fog the emulsion. 

The isocyanines of E. KOnig and the dyes such as pinacyanol, 
dicya.nine, and kryptocyanine arc derivatives of quinoline; but 
it was found that valuable sensitizers could also be obtained 
by employing nuclei derived from bases such as benzoxazolc, 
bcnzothiazole, benzoselenazolc, and thiazoline. Cyanines con
tabling the l>euzothiazole ring had, indeed, been made in 1887 
by H ofmann 38 but attracted little attention until Mills re
opened the problem in 1922.39 After the elucidation of the struc
ture of carbocyanincs by Mills and Hamer,26 a much-improved 
method for their preparation was devised by W. KOnig* and 
applied to a number of different nuclei by him 40 and by Dr. 
Hamer at t he IIford laboratories.41 The latter also described 
improved preparations of pseudocyanines, in which class a 
2-quinoline nudeus is linked to a second nucleus which can be 
the same or dissimilar.u 

• J>rofC!II!Or nt the Technical High School nt Dr<J!!<.l<Jn nnd no relative of Dr. 1-;. KOnig 
atHoochllt. 
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Several of the newer dyes were much more powerful than the 
older dyes ; thus, 3,3'-diethylthiacarbocyanine iodide (00), called 
thiazolc purple • by KOnig, is a much better green and yellow 
sensitizer and gives less fog than , for example, orthochrome. 
By employing naphthothiazole nuclei in place of the benzo
thiazole nuclei of this dye, Hamer and Brooker independently 
obtained red sensitizers superior to pinacyanol.43 A further 
advance was made by Hamer, who prepared thiacarbocyanines 
containing the chain = CH-CMe= CH- in place of the un
substituted chain of ea rl ier dyes ; 4M 3" and some of these dyes 
as well as others with different substituents at the center of the 
t hree-carbon chain40 have proved of great practical value. T he 
use of these dyes led to the preparation, in 1029, of supersemJilive 
panchromatic emulsions which reached new high levels of speed. 
A contribution of va lue was made by Piggott and Rodd, Im
perial Chemical Industries, Ltd., '"ho discovered a simple way 
of making unsymmetrical carbocyanines 4G and, thus, further 
increased the number of available sensitizers. 

Enhanced sensitivity was achieved in certain other ways. In 
I 920, Bloch and Renwick H of the I! ford Laboratories published 
an account of experiments in which t hey had increased t he 
sensitivity throughout the spectrum of opt icall y sensitized layers 
by t he addition of auramine, a yellow dye which alone is a lmost 
if not enti rely inert as a sensitizer. Later, JVIees discovered 
that combinations of certain sensitizing dyes gave greatly en
hanced sensitivity instead of the depressed sensitivity that it 
had long been held was the general result of using dye mixtures ; 
his results were made the subject,:.; of patcn ts.n 

From about 1030 onward, very active synthetic work was 
pursued in the industrial labora tories ; and many patents were 
granted to the Il ford, Agfa, and Kodak Companies. The large 
number of sensitizers available ennbled these firms to market 
films and plates having a wide range of sensit izing for com
mercial and scientific purposes. 

The number of sensitizers has been considerably augmented in 
recent years by the discovery of a large new group known ns the 
mcrocyanines. These are characterized by the amide grouping 

• The dye is "lmOI!It magenta in solu tion, but pur pur in German ~igni fi CIJ a much rC<Ider 
ehade thanthOJ)Urploofm<.>dcrnEngli3h. 
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>N- (6=6) .. -t=O, whereas the cyanines contain the ami

dinium ion system > N-(t=t)- t=N <. The merocyanines, 
which were discovered independent ly by Kendall 49 and Brooker, 00 

form the subject of a large number of patents. They are non
ionized dyes and are especially effective sensitizers for the shorter 
wave length portions of the visible spectrum. 

Progress in infrared photography has been marked. Cyanines 
with the chain =CH- CH=CH- CH=CH- (dicarbocyanines) 
were made according to a patent of \V. KOnig &l and were effi
cient deep red and infrared sensitizers. In tricarbocyanines, the 
nuclei were linked by the chain =CH-CH=CH-CH= 
CH-CH =CH-; and these dyes, prepared in Germany and 
England independently by three sets of workers,"2 gave infra
red sensitizers much superior to neocyanine. Xenocyanine (64), 
the tricarbocyanine from lepidine, was prepared by Brooker. 1' 3 

I t.•·; maximum is at about 980 m J.£, but t he resonance lines of 
helium at 1083 mJ.£ can be photographed without difficulty. 

Using intermediates suggested by the work of VV. KOnig/4 

Brooker and Keyes synthesized cyanines containing the chu.in.':l 

-(CH~CH),-C(OAc)~(CH-CH),~ 

and 
-(CH~CH),-C(OAc)~(CH-CH),~ 

and named them tetra and pentacarbocyanines (70), respec
tively.~b The dyes are of value in spectroscopy and made 
possible the photography of "several hundreds of new lines 
beyond 1300 mJ.£ in the spectra of the rare gases." ''''a Dieterle 
and Riester 56 have described the preparation of tetra- and penta
carbocyanines unsubstituted in the chain, and these arc said to 
be more powerful than the dyes described above with acetoxy 
in the chain. 

The progress effected in the photography of the spectrum by 
the application of dyes ma.y be summed up in an approximate 
form in Figure 370. At the top are shown the visible spectrum 
and that portion of it which could be photographed on a col
lodion plate through glass apparatus before Vogel di~eovered t he 
use of sensitizing dyes, which extended the photographic spec-
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trum to 600 m,u. The discovery of pinacyanol in 1904 extended 
the photographic spectrum to beyond 700 m,u. The use of 
dicyanine is ignored here, though it was found by a few workers 
to extend the photographic spectrum to beyond 800 m,u. This 
wave length was easy to reach on ly after the discovery of 
kryptocyanine in 1919, while the production of ncocyanine in 
I 925 extended the range to 900 mJ£. Xenocyaninc, made first 
in J 931, enab led 1100 ffiJ£ to be reached, and the pentacarbo
<;yanines extended the photographic spectrum to beyond 1200 m,u . 

The infrared limit of photographic reproduction can hardly 
be extended much farther. Thenna l decomposition is bound 
to wevcnt the existence of stable dyes which absorb radiation 
with wave lengths longer than 2000 m,u, and the strong absorp
tion which water shows around 1400 mJ£ will probably form a 
limi t for the usc of photographic emulsions. 

There is no limit for photogra phic sensit ivity at the short
wave end of the electromagnetic spectrum. The photographic 
plate registers the whole range of X-ray radiation as well as the 
-y rays beyond that region. The effect of X rays and -y rays 
on the photographic emulsion has not been discussed in this 
book, nor the photogmphic action of corpuscular rays. 

In Figure 371 are wedge spectra (Chapter XVlll, p . 688) 
showing the effect of sensitizing chloride, bromide, and bromo
iodide emulsions with erythrosine and with a thiacarbocyanine 
dye. In Figures 372,373,374, and 375, are shown wedge spectra 
obtained on plates made by sensitizing a slow chlorobromide 
emulsion of high contras t with a considerable number of sensi
tizing d yes. Where the structure is given in Chapter XXIV, 
the reference number is inserted. I n Figure 372 (1--6) the dyes 
are chiefly cyanines; F igures 372 (7), 373, and 374 (1) are carbo
eyanincs ; Figure 374 (2), a dicarbocyanine; Figure 374 (3-7), a 
series of infrared cyanines; while Figure 375 shows the sensitizing 
effect of some miscellaneous dyes, including two merocyanines, 
375 (4) and 375 (5). 
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I. 3,3'-diethyl-4 ,:; ,4',5'-dibcnzothiaCyanine chloride. 

2. 1,1'-diethyl-2,2'-cyanine iodide . 

. ~ .............. . 
3. 1,1'-diethyl-2,4'-cyanine iodide (ethyl NXI) (86). 

4. l,l'-diethyl-6,6'-dirnethyl-2,4'-eyanine bromide (orthochrome T ) (87). 

5. l,l'-dicthyl-6,6'-diethoxy-2,4'-eyanine bromide (pinachromc) (&l) . 

.. -.... .. ••• i~. 
G. 1,1 '-diethyl-4,4'-eyaninc iodide {<oyan inc hluc). 

7. l ,l'-diethyl-2,2'-carbocyanine iodide (pinacyanol) (24). 

FIG . 372. Wedge spectrograms of a chlorobromide emulsion 
sensitized with cyanine dyes. 
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1. 3,3'-dicthyl-thiazolino-carbocyanine iodide. 

--.~. 
2. 3,3'-dietbyl-oxacarbocyan.ine iodide. 

3. 3,3'-dietbyl-thiacarbocyanine iodide (90). 

4. 3,3'-diethyl-aelenacarbocyaroi ne iodide. 

5. 3,3'-diethyl-9-methyl-thiacarbocyanine iodide. 

--· ~ ...... ___ .. 
6. 3,3'-diethyl-4,5,4',.'i'-di~nzothiacnrho<'yaninc bron;ide (tl2) . 

. fliJih.. .. ...... .. 
7. l,l'-diethyl-2,4'-carbocyanine iodide (dicyanine) (2[>). 

Fw. 373. Wedge spectrograms of a chlorobromide emulsion 
sensitized with carbocyanine dyes. 
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I. 1,1'-dicthyl-4,4'-carbocyaninc iodide (kryptocyanine) (26) . 

.gdJib ........ . 
2. 3,3'-diethyl-thiadicarbocyaninc iodide (:;2). 

3. 3,3'-diethyl-thiatricarbocyanine iodide. 

4. Neooyaninc (95). 

5. 1,1 '-dicthyl-4,4'-tricarbocyanine iodide (xcnocyanine) (64). 

6. 12-a.ectoxy-3,3'-diethyl-thiatetracarbocyanine perchlorate (70). 

7. 12-at'Ctoxy-3,3'-dicthyl-thiapcnt.acarbocyanine perchlorate (70}. 

FIO. 374. Wedge spectrograms of a chlorobromide emulsion 
sensitized with infrared sensitizers. 
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1. Acridine orange (10). 

2. Erythrosine (5) . 

• Oli:JIIlt•IGIIOho. 
3. Pinafinvol (12). 

4. 3-ethyl-.'"r[(3-ethyl-2(3)-benzoxa.zolylidcnc) cthylidenc}rhodanine. 

5 . 2--(!iphcnylamino-5-[ (3-ethyl-2(3)-benzothiazolylidene ethylidcnc }4 (5 )-thiazolone. 

F IG. 375. Wedge speetrogro.ms of n. ehlorobromide emulsion 
sensitized with some miscellaneous dyes. 

BrBLIOGRAPHY 

1. Reference 3 (Chapter XVTTT, p. 698) . 
2a. Rcfcrcuce 26 (Ch:tptcr r, p. 3.3). 

b. T.iippo-Cramcr, H., "Zur Photochemie des Jodsilbers," Eder's Jahrb., 
1903,40. 

3. Reference 25 (Chapkr I, p. 33). 
4. Eggert, J., a.ud M. Biltz, "Zur spektralen EmJ>findlichkeit photogra

phischer Sehichten 1," Z. w. P., 1940, 39: 140 (Fig. 3, 145). 
5. Eggert, J., and F. J. Kleinschrodt, "Zur spektralen Empfindliehkeit 

photographiseher Schichten II," ibid., 155, 165. 
6. Abney, W. deW., "On the Photographic Method of l.'lnJ>ping the Lea~t 

Hefmngihle End of the Sobr Spectrum," Phot. J., 1881, 5: 95; Phil. 
Trans. Roy. Soc., 1880, 171: 653. 



984 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

7. Hit?-, W., "Sur In photogmphie des myons in'fh~r:Ouges," Compt. rend., 
1906, 143: 167. ' 

8. c~~pJ>t:~II, J. G., and E. R. Bullock, "A Production o£ Punchromutic 
Sensitiveness without Dyes," J . Prank. lnst., 1920, 190: 871. Comm. 
92. 

9. Becqucrcl, .E., La lAtmiCre, Lils et Cie, Paris, 1867, 1: 176. 
10. Weigert, F., "Zur Photochemie der Silbcrverbindungen,'' Silzu11f!sbcr. 

p r e11.11B. A kad. TV iss., 1921,641. 
11. "Wightman, E . P., A. P. H. Trivelli, and S. E. Sheppard, "The Prepara

tion and Properties of Some Synthetic Photohalide Emulsions," J . 
Pra11k. l wst., Hl2i, 204: 491. Comm. 309. 

!Za. Hcfercncc 3i (Chapter IV, p. 194), 
b. Sheppard, S. E., "Sensitization by Nuclei of Silver Sulfide," B. J.P., 

1926, 73: 33. Comm, 259. 
13. Sheppard, S. E ., "Optical Sensitizing of Silver lhlides by Colloidlll 

Silver," J . Prank. lnst., 1930,210: 587. Comm. 442. 
14a. Henwick, .F. F., "The Action of Soluble Iodides on Photographic 

l'lntes," Phot. J ., 1921, 61: 12. 
b. Heferencc 41 (Chapter IV, p. 194). 

15. Vogel, H., "Ueber die Lichtcmpfindlichkeit des Bromsilbers fUr die 
sogennnntcn chemisch unwirksamen Farben," Bcr., 1873, 6: 1302. 

l 6a. van ).1onckhovcn, "Upon the Sensitiveness of the Surface of Tinted 
llromidc of Silver to the Different Colours of the Spectrum," B. J . P ., 
1874, 21: 292. 

b. Lea, ·M. Carey, " On the Reduction by Light as Influenced by Colour," 
ibid., 109, 121. 

c. Lea, M. Carey, " Dr. Vogel's Theory,"ibid., 1875,22: 245; 1876, 23: 28. 
d. Spiller, J. , " Remarks on the Asserted Influence of Colouring Matters 

on tl1e Hc<luction of Silver Salts," ibid., 1874, 21: 255. 
17a. Waterhouse, .1., "On the Effects Produced by t he Addition of Colour

in!!: Matter to llromide Collodion Films," ibid., 187[,, 22 : 594. 
b. Waterhouse, J., "Dr. Vogel's Colour Theory," ibid., 1876, 23:233. 
c. Becqucrcl, E ., "Action des myons di!Teremmcnt rdmngiblcs sur 

l' iodurc et le bromure d'argent; influence des matieres colorantes," 
Compt. rend., 1874, 79 : 185. 

I Sa. Waterhouse, J., "Effect of the Colouration of the Collodion :Film Upon 
Its Scnsitivcnes.~ to H.ed Light," B. J.P., 1875,22: 450. 

b. Waterhouse, J ., "On Some New Facts in Support of Dr. Vogel's Colour 
Theory," ibid., 1876, 23: 304. 

l Oa. Vogel, H. W., "Studien ilber die \Virkung des Eoainfl auf photo
g•·aphische Sehichten," Phot. J.fitt., 1884, 21:47. 

b. Vogel, H. W., " Du.s Arbeiten mit Prof. Dr. Vogel's farbenempfind
lichcn Azalinplatten," ibiri., 106. 

20. Edcr, J. l\·1., anfl E. Valenta, B eitrage zur Pholochemie 1md S peldfal
analylJe, Gmphische Lehr- unci Versuchsanstalt, Vienna, 1904. 

21. 1\I icthc and Traube, D.R.P. 142,926. 



SPECTRAL SENSITIVITY 985 

22. Hoogewerff, S., and W. A. Van Dorp, "Sur lcs matiCrcs colora.ntes dC
rivant de Ia !Cpidine," Pt. I, Rec. trav. chim., 1883,2: 317; Pt. 11, ibid., 
1884,3:337. 

23 . Spaltebolz, W., "Ueber Farbstoffe nus dem Steinkohlentheerchinolin," 
Ber., 1883, 16: 1847. 

24. D.R.P. 158,078, 167,159, 167,770, 170,048, 170,049. 
25. Farbwerke vorm. Meister, Lucius, and BrUning, D.H.P. 172, 118. 
26. 1-lills, W. 11., and F. M. Hamer, "The Cyanine Dyes. Pt. I ll, The 

Constitution of Pinacyanol," J. C. S., 1920, 117 : 1550. 
27. Gutekunst, G. 0., U.S. pat. 1,568,667 (1921 ). 
28. D.R.P. 155,541 (1903). 
29. ~ lill s, W. H., and R. C. Odams, "The Cyanine Dyes. Pt. VIII, Syn

thesis of 1~ 2 : 4'-Cnrboeyanine. Constitution of the Dicyanines," J. C. 
s., 1924, 125 : 1!)13. 

30. i\.'lerrill, P. W., " Application of Dicyanin to the l'hotography of Stellar 
Spectra," B ull. B ur. Stand., 1919, 14 : 487. 

3l. Meggers, W, F., " Wave-Length Measurements in Spectra from 5GOOA 
to 9600A,' ' ibid., 1918, 14: 371. 

32. Brackett, F. S., " An Examination of the Infra-Red Spectrum of the 
Sun, A890(}-,).9900," AstrophyB. J. , 1921, 53: 121. 

33. Adams, E. Q., and H. L. Haller, "Kryptocyanines. A New Series of 
Photosensitizing Dyes," J. A. C. S., 1920, 42:2661. 

34. i\H!ls, W. H., and T. K. Braunholtz, " The Cyanine Dyes. Pt. VIJ, 
A New Method of Formation of the Carboeyanines. The Constitution 
of the Thioisocyanines and of Kryptocyanine," J . C. S., 1923, 123: 
2804. 

35. Dundon, M. L., A. L. Schoen, and H. M. Briggs, "Neocyanine, a Ne w 
Sensitizer for the Infrared," J. 0. S. A., 1926, 12: 397. Comm. 255. 

36. Babcock, H. D. , "Beyond the Hedin the Spectrum," Smithsonian Inst. 
Reports, Publ. No. 3078, 1930, 165. 

37. Mills, W. H., and W. J. Pope, "Studies on Photographic Sensitizers. 
Pt. I , The Isocyanine Dyestuffs," Pho!. J., 1920, 60: 183; " Pt. If, The 
Curltocyanines," ibid., 253. 

38. Hofmann, A. W., " Noeh einige wciterc Beobachtungen tiber dns 
o-Amidophenylmercaptan und seine Abk6mmlinge," Ber., 1887, 20: 
2251. 

39. Mills, W. H ., " T he Cyanine Dyes. Pt. I V, Cyanine Dyes of the 
llenzothiazole Series," J. C. 8., 1922, 121:455. 

40a. Konig, W., "Ueber die Konstitution der Pinacyanole, ein Beitrag zur 
Chemic der Chinocyanine," Ber., 1922, 55 : 3293. 

b. Konig, W., "Ueber l ndolenino-cyanine (I ndocyanine)," ibid., 1924, 
57:685. 

c. K6nip;, W., and "\V. Meier, "Ueber Thio- und Oxocyunine," J. prakt. 
Chem., 1925, (2), 109: 324. 

41. Hamer, F. M., " A General Method for the P reparation of Carbocyanine 
Dye~,"./. C. S., 1927, 2796. 



986 THE THEORY OF THE PHOTOGRAPHIC PROCESS 

42. H:uner, F. M., " The f·Cyanine Condensation," ibid., 1928,206. 
43a. Hamer, F. M., "Cyanine Dyes from Quaternnry Snits of Methyl·a· 

and ti· Naphthathiazoles,'' ibid., 1929, 2598. 
b. Brooker, L. G. 8., U. S. pat. 1,846,300 (1929). 

44. Hamer, F. M., "Carboeyanine Dyes with Subs tituents Attuehcd to t he 
Three-Carbon Chain," J. C. S., 1928,3160. 

45a. Brooker, I~. G. S., and F. L. White, "Studies in the Cynnine Dye 
Series 1," J. A. C. S., 1935, 57:547. Comm. 542. 

b. Brooker, L. G. S., and F. L. Wl1itc, "Studies in the Cyanine Dye 
Series II," i bi<l., 2480. Comm. 562. 

46. I. C. I ., Ltd., H.A. Piggott and E. H. H.odd, U.S. pat. 2,071,898-9 (1937). 
47. Bloch, 0., and F. F. Renwick, "Aununine as n Sensit izer," Plwt. J ., 

1920, 60: 145. 
48. Mees, C. E. K., U. S. pat. 2,075,046-8 (1937). 
49. Kendall, .J. D., Br. pnt. 428,222 and 428,360 (1935). 
50a. Brooker, L. G. S., U. S. pat. 2,089,729 (1937), 

b. Kodak, Ltd., Br. pat. 449,527 (1936). 
51. 1\:0niJ!:, W., U.S. pat. 1,524,791 (1 923). 
52. Fisher, N. L, and F. l\1. Hamer, "Tricnrbocyanines," J. C. S., 1933, 

189. Comm. 512H. 
53. Brooker, L. G. S., F. M. Hamer, and C. E. K . 1\.Yecs, " Recent Adv:mces 

in Sensitizers for the Photography of the Infrared," J . 0 . S. A., 1933, 
23: 216. Comm. 513. 

54. Konig, W., "Ueber Strepto-- und lleterocyclo-Polymethin-FarbstofTe 
aus Furfurol und desscn Vinylcn·Homolo)!;en," Ber. , 1934, 67 : 1274. 

55a. Brooker, T.. G. S., and G. H. Kcyc~, "New Sensiti7.ers for t he Phot-Og· 
raphy of t he Infrared, Tetra.- and Pentacarbocyanines," J. Frank. l nst., 
1935, 219: 255. Comm. 543. 

b. I . G. FJtrbcnindustrie A.~G., Br. pat. 441,624 (193.1). 
56. Dieterle, W., and 0. llicst cr, " Infrarotphntogmphie jcnscitl-l 

10,000 AE. Pt.ll and Pt. Ill," Z. w. P., 1937,36: 68, 141. 



CHAPTER XXIV 

THE SENSITIZING AND DESENSITIZING DYES 

OHIGIN OF COLOH IN ORGANIC COMPOUNDS 

Aeeording to modern views, the color of organic compounds 
is usually associated with the presence in the molecule of a long 
chain of atoms, predominantly carbon, linked by alternate single 
and double bonds and forming a so-ealled conjugated chain. For 
intense colors, the sequence of linkages in such a chain should 
be readily reversible according to the scheme: 

If the chain consists of an uneven number of carbon atoms, 
the general formula may be written 

I I I I I I 
~C-(C==C),- (o' -C~(C-C),~), 

where n is zero or a positive integer. If the chain is terminated 
with the hypothetical atoms X and Y, as in formula (1), a tran
sition from (a) to (b) may occur if t he valency of X is raised 
from one, in (a), to two, in (b) , and if the valency of Y is simul-

(1) 

(a) (b) 

taneously lowered from two, in (a), to one, in (b). T ra.nsition 
from (b) to (a) may be brought about by t hese valency changes 
taking place in the reverse direction. 

Actually, a system such as this provides the essential color
conferring group for the vast majority of dyes. The conjugated 
chai1l stretching between the terminal atoms X and Y cone
sponds to the chromophore of 'Vitt's theory of color, 1 while the 
terminal atoms X and Y correspond to his auxochromes.* 

• Thc.c term~ are rc tairwd in modern uaa~>:e but have been giv<'n mor1' precise signifi
cance from thoat a.ndpom tofthe resonance theory. 
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For the dye to be deeply colored, the forms (la) and (lb) must 
be of comparable stability, and the raising or lowering of the 
covalency of X and Y must take place with ease. Actually, 
very few atoms arc capable of fulfilling these requirements for 
X and Y aud, of the few, the most important are oxygen and 
nitrogen. 

If both X and Yare oxygen ato:::1s, syster.1 (1) may be given 
the general representation 

0-Ld:-6)"~o - ~L<L6).-o (2) 
(a) (b) 

This system carries a single negative charge and represents an 
a.nion in which the charge is shared between two oxygen atoms 
ra.ther than carried by only one. It is seen that reversal of the 
sequence of t he linkages is accompanied by the transfer of the 
negat ive charge from one end of the chain to the other.! A com
pound possessing a system such as (1) or (2) is not considered 
to be in a state of tautomeric equilibrium between t he two ex
treme states (a) and (b) but as an actual hybrid between them 
and is, t hus, called a resonance-hybrid.3 This condition is implied 
by the double-headed arrow ( +-+) between the formulas rcprc
seHting t he extreme resonance configurations. The latter have 
no real existence but must be regarded as intellectual or mathe
matical concepts which serve to define the compound. 

If both X and Y arc nit rogen atoms, the auxo-chromophore * 
becomes in its most general statement : 

(3) 
(a) (b) 

Here, again, rhythmic shifting of the double and single linkages 
is uceompanicd by the transfer of a charge from one end of the 
clmin to the other; but now a positive charge is involved, the 
nitrogen a toms being alternately tertiary (uncharged) and qua
ternury (charged). The system as a whole carries a single posi
t ive charge and, in fact, represents a complex cation in which a 

• Witt 'a terminology docs not include a single expre~~~~ion for the combination of tho 
ehrom011horic ehnin and tho lerminal auxochromic atom! , and tha Wrm au.to--chro.,oph<>rl! 
i~ uwd here to iudicate thia concept. 
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charge is shared between two nit rogen atoms rather than being 
associated with only one, as in the ammonium ion. I n system 
(3), as in (2), the actual state of the compound is considered to 
be that of a resonance hybrid between the t'vo extreme con
figurations (a) and (b) . 

So far both X and Y have been considered as oxygen atoms 
or as nitrogen atoms, but one may be oxygen and the other 
nitrogen, as in scheme (4) . A compound containing this system 
is regarded as a hybrid between the two hypothetical states 

~t-(t~~n.-N < ~ o-t~(6-l).~N < (4) 
(a) (b) 

(a) and (b), the first being uncharged and the second an elec
trical dipole. These extreme states arc not identica l and there
fore differ in intern al energy, but it may be deduced that the 
more closely (a) and (b) approach each other in internal energy, 
the more intense will the color become, the absorption coefficient 
increasing. This approach to equality in the extreme states is 
known as the degeneracy of t he system. 

If, in formula (2) , n is made equal to 0, the formula becomes 
that of the carboxyl ion, and this system may accordingly be 
termed the carboxyf,..ion type of auxo-chromophore. The Him
plest representative of formula (3) is, similarly, an amidinium 
ion; and (4) like,vise represents the amide system. In all th ree 
systems, the essential and peculiar relation of the terminal atoms, 
the auxochromes, to the connecting chain , the chromophore, can 
be maintained only if the latter consists of a n uneVen number of 
car~on atoms; therefore, in proceed ing from a cha in of a given 
length to the next higher length of chain consistent with this rela
t ionship, two carbon atoms must be added, and these in the form 

I I I I I I 
of the group - C=C- (or =C- C=) . The group -C= C-
is known as vinylene, and , hence, series of compounds related to 
each other by containing chains of atoms having greater or fewer 
numbers of vinylene groups are called vinylene homologous series ; 
and the general formulas (2), (3), and (4), in fact, represent 
such series, since with increasing values of n the number of 
vinylcne groups in the chromophoric chain is increased. In the 
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following sect ions, the importance of these various syst.cms in 
actual dyes will be discussed, but certain other sys tems a re 
known a nd are mentioned Inter. 

DYES CONTAINI~G THE CARBOXYL-10~ SYSTEM; 
THE PHTHALEl)iS 

The phthalein dyes probably constitute the most important 
group conforming to the carboxyl-ion system a.nd include several 
important photographic sensitizers. T hus, er-ylhrosine may be 
repre:-entcd as 

The conjugated chain essential for resonance (the cltrom.oplwrc) 
is indicated by heavy lines. In 1932, Schneider 1 described dyes 

[o,c,;o ~c:oJ )c-cu-c(, 
'8 S Na+ 

(G) 

o.f the strucLure shown in formula (()) as being sensitizers for t he 
green portion of the spectrum. 

Certain dyes of formula (7) (n = 0, 1, 2) have been patented 
by Gaspar ~ for usc as antiha lation dyes. 

(7) 

Na+ 
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DYES CONTAINI NG THE Al\HDINIUJ\ol.JON SYSTEM 

A number of important dye classes con tain t he amidinium-ion 
system. The following examples give formulas for the triphenyl
methane dye malachite green (8), the py ronine dye rhodamine 
(!)),the acridine dye acridine orange ( 10), the cyanine dye pina
cyanol (11 ), and the styry l dye pinajlavol ( 12). In each formub , 
the conjugated chain linking the two nitrogen utoms of the 

,.{ MezN-<::)- ~h =C)=t Me2 L 
(8) 

"{ Me 1ii=<::>= ~h --o--NMe2 L 
+ ,,,NilOON'·''· 

~ CD U 

c(OOH 
(O) 

Cl-

[ 
II + 

L Mc,N'(J()jNMc,, 
~ c.1 u 

H 

(10) 
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I ~CH-CH=CH--W l - (I I) 

~ Et Et+ ~ Cl 

(aJ 0-CH = CH--o--NMo, J 1_ 
llEt+ 

(12) 

(bJ (] + J LrCH- cH==<::>=NMez 1_ 

amid inium-ion sys lem is emphasi zed by thickened lines. These 
dyes are seen to be complex ammonium salts in which the color
conferring system is in the cation; and it is possible to draw two 
resonance formulas in each case, although to save space this is 
done in only two instances : The first case chosen is malachite 
green (8), in which the molecule is symmetrical about the central 
carbon atom; and, consequent ly, the two extreme resonance 
configurations, (8a) and (Sb) , are idCn tical except for their dis
position in space. Dyes (9) , (10), and (11) are symmetrical, 
likewise, and give rise to two identical extreme resonance con
figurations. The second instance is pinaflavol (12), in which the 
molecule is not symmetrical; and, consequently, the two extreme 
resonance configurations, (12a) and (12b), are not identical. 

Of the various classes represented, the cyanines are outstand
ingly useful as photographic sensit izers and are described in 
detail. 

THE CYANTNE DYES 

The cyanines may be defined as dyes conforming to the 
amidinium-ion system (3) but in which both nitrogen atoms are 
members of heterocyclic ring systems and in which the conju-
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gated cha in joining t hese nit rogen atoms passes through a part 
of each heterocyclic ring. Of the five dyes formulated above, 
therefore, only (11) is a cyanine, since in (8), (9), .a.nd (10) neither 
of the nit rogen atoms is in a heterocyclic nucleus, and in (12) 
only one is. F urther, in dye (13), glutaconaldehydcditetra
hydroquinolide perchlorate, both nitrogen atoms arc in hetero
cyclic rings, but the conjugated chain joining them does not pass 

[ II,8N-CHo=CII-CHo=CII-CH~N8H, ] (13) 

H2 H2 H: H2 CIO~-

through any part of the periphery of these rings; and ( 13) i:-;, 
therefore, not considered a true cyaninc. These distinctions 
arc, of course, quite arbit rary but a re useful in practice. 

Heterocyclic Nuclei of Cyanine Dyes 

Among the most important heterocyclic nudei (14) employed 
in cyanine dyes are those of thiazoline (a), benzoxazole (b), 
thiazole (c) , bcnzothiazole (d), benzoselenazole (e), cr-naphtho
thiazole (/), P-napht hot hiazole (g), 2-quinoline (h), and 4-quino
line (k) . With these nuclei, linkage to the rest of the molecule 

cn/ 8
"" 

t H"'N_/c-

(a) 

a~c 
N/ 

(•) 

(b) (c) 

~s~ C-
N/ 
(f) 

co co 
(h) (k) 

(d) 

ifs~ c-
N/ (14) 

Cal 
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is effected t hrough the a -carbon a tom (to nitrogen) as indicated 
in (a)-(h); in (/c), hon'ever, the linkage is through they-carbon 
atom. C roups, usually tdkyl, such as methyl, ethyl, allyl, but 
a lso such as benzyl and o-nitrophenyl, are attached to the nitro
gen atoms of thc::;e rings. As seen in formula (11), an acid 
radical is shared between the nitrogen atoms of the two nuclei. 
Structure (15) is an example of a simple cyanine derived from 
the benzothiazole nucleus 'vith ethyl groups aU.ached to the 

(15) 

nitrogen atoms. In t his dye, the nitrogen atoms arc linked by 
a. conjugated chain containing three carbon atoms. 

The Cyanine Dye Chain 

In the amidinium-ion ::;ystern (3), the nitrogen atoms are linked 
by an uneven number of carbon atoms. To increase the length 
of the conjugated chain in formula (15), for instance, it must be 
raised from three to five carbon atoms. Repetition of the process 
leads to a seven-carbon chain, and in fact (16) is the general 
formula for this series of cyanine dyes, e::tch of which contains 
two benzothiazolc nuclei. The conjugated chain is lengthened 

(!G) 

hy two carbon atoms, i.e., by tho vinylene group - CH=CH- , 
in proeeeding from one member to the next. In such n vinylene 
homologous series, the first member has n = 0 and is a mono
methine cyanine (e.g., (15)), the group =CH- being known as 
methine or methcnyl. 

Dyes with the next higher length of chain, =CH-CH=Cl-1-, 
t rimethine cyanines, have been known for a long time; but their 
st ructure was first elucidated by .:\Hils and Hamer,6 who named 
dyes containing such a linkage carbocyanines. F rom this prece
dent, dyes containing the linkage = CH-(CH =CHh- arc 
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called dicarbocyanines;7 those with =CI-I-(CH=CII)r-, tri
carbOC1Janines, 8 and so on. 

The Relation of the Length of Chain to Absorption 

Increasing the length of the chain in a cyanine dye results in 
t he absorption being shifted markedly towards the longer wave 
lengths with each vinylene group added. This may be illus
tmtcd in the case of the series of dyes in formula (16), the 
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FIG. 376. Absorption spectra of dyes dissolved in methanol : A, B, C, D, 
dyes of the structure shown in formula (16) when n = 0, 1, 2, 3, rcspeetively; 
IY, E', P', dyesof formuh ( li) when 11 =- 1, 2, 3, respectively. Sensitizat iOJl 
curves for dyed silver cllloridc emul~ion: A, B, C, D correspond t-o t he sen
~;i tivi ties conferred by dyes of formuln ( JG) when n - 0, 1, 2, 3, respect ively. 

absorption spectra being given by curves A, B, C, :md D in 
Figure :376, where n = 0, 1, 2, and 3 for the cya.nine, carbocya
nine, Uienrbocyanine, and tricarbocyaninc, respectively. The 
shift-s in wave length between )-;UCCessive maxima are consider
able and approximate 100 m,u:, as shown in the following table :~ 

TABLE LXXXV 

WAV~ L~NGTIIi:l m· M AXIMUll A BSO!li'TION OF T HE C Y ANI NES OF FOIUI ULA (16) 

lJiffennain11lJ< 

134 
93 

108 
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Similar results have been obtained for cyanines derived from 
nuclei other than benzothiazole. 10 In general, lengthening the 
chain linking the nuclei in a cyanine dye by the addition of 
vinylene shifts the absorption, on an average, about 100 ml' 

toward the longer wave lengths. Thus, an alcoholic solution 
of the monomcthine cyanine (16) (n = 0), which absorbs in the 
ultraviolet and blue parts of the spectrum, is yellow; and the 
color becomes red if the chain is increased in length from =CH
to =CH-CH=CH- (16), (n = 1), the absorption for this 
compound being in the green part of the spectrum. The addi
tion of another vinylene group (IG), (n = 2) shifts the absorption 
to the red part of the spectrum, the color of the solution being 
blue; and the last member of the series (16), (n = 3) absorbs 
in the infrared region and gives a solution which is greenish 
blue. 

The absorptions of this series of four dyes span more than the 
whole of the visible spectrum; that of the dye having the longest 
chain, in fact, lies well in the infrared region. It follows that, 
if the addition of further vinylene groups produced shifts similar 
to those already observed, dyes could be obtained which would 
absorb still farther in the infrared. These chains cannot be 
lengthened indefinitely, however, since limitations are imposed 
both by the methods of synthesis (p. 1005) and by the stability 
of the compounds, which, in general, diminishes as t he length 
of the chain increases. The tricarbocyanine (16), (n = 3) is 
readily prepared and is comparatively stable, but the next higher 
vinylene homologue (n = 4), the t.etracarbocyanine, is much less 
stable; and the pentaearbocyanine 11 (n = 5) is still less so. 
However, long-chain carbocyanines of the formula (17) (n = 1, 
2, and 3) carrying the aeetoxy group as a substituent in the 
chain are somewhat more readily prepared, and their behavior 

lo 8 '-c~JT-CII~JT--cH 
'N/ 
Et 

(17) 
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as sensit izers is described Ly Brooker and Kcycs.12 The absorp
tions of these t hree vinylene homologues arc also shown in 
F'igure 376 (D', E', F'). The two highest hornologues are very 
unstable in diluLc alco~JO!ic solu
t ions, and the values of t, the 
molecular extinction coefficient, 
nrc correspondingly unecrtain 
alt hough the values of An, a>< arc 
believed to be correct. The 
curve of the - lowest mcm bcr 
of the ser ies (n =I), the 10-

I 

acetoxy-t.ricarbocyanine, has a 
value of Xmn almost identical :L 
wit h that of the unsubstituted ,; 
dye (16), (n = 3), so that the 'TOO 

BOO 

effect or the ucetoxy group on 
Am..,. is negligible. If this is 
assumed to hold for t he higher 
vinylene homologues also, the 
dyes of the six d ifferent chain 
lengths may be regarded to 
this extent as a single vinylene 
homologous series. The Xmnx 
values a re plotted in F igure 377 
as functions of the number of 
double bonds in the conjugated 
chain, and it is seen that the 
points indicnte a linear rela
tionship such as was found by 
Lewis and Calvin 13 for cyanine 
series up to and including the 
t.ricarbocyanines. 

000 

500 I 

2 3 4 s (i ,. 

F10. 377. Values of Amu for the 
nbsorption of dyes (• ) of formuln 
(1(1) when n = 0, J, 2, 3; und (o) of 
formula (17) wheu n = I, 2, 3, 
plotted a,~::~1in.<;t t he nmnber of 
double bonds in the conjugukd 
chain joining the nitrogen at.oms. 

In F'igure 37G is shown a lso a comparison between the absorp
t ion curves of the vinylene homologous series (16) (n = 0, I , 2, 
and 3) and the sensitizations t hat these dyes confer on silver 
halide. For this comparison, the dyes were incorpomted in a 
silver chloride emulsion, optimum quantities of each being: em
ployed, and the sensitizing curves determined on an cquul energy 
basis. T he maxima of sensitivity in this series invaria bly lie at 
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8omewhat longer wave lengths than the absorption maxima; but, 
aside from this, the similarity between the two sets of spectra is 
remarkable. 

Color Values of the Various Heterocyclic Nuclei 

The first member of the series ((16) , n = 0) gives a pale yel
low solution and is, thus, relatively light-colored; if the two 
sulfur atoms in this dye are replaced by oxygen atoms, giving 
two benzoxazole nuclei, the absorption is shifted almost entirely 
into the ultraviolet region, and the " dye" is practically colorless 

ULTRA----- --VISIBLE-------INFRA RED-- - - -

i"~l0S' '' "' /?., 
CO:>· ~ 1;/ ox> ~ ~ w ~ ~ 
.8 ~ ~;: 

ALCNUClE> ~ •••• · ••••• • • .•• ···· j::? · --
1 ~ ! ~ ~ ~ ! ~ ~ I ; ~ 6 al ; ~ 6 e I Pf~ ~ I ! ~ ~ ~ I ~ ! ~ 

300 400 500 600 1'00 BOO 900 

.... ,... 
FlO. 378. Wnve lengths of maximum absorption iu mcth:mol solution of 

eight vinylene-llOmologous series of cynnines. 

in solution. The hip;hcr vinylene homologucs of this bcnzoxazole 
compou;_1d abo are lighter in color * than the corresponding benzo
thiazole dyes. The various heterocyclic nuclei (14) have differ
ent color values, the order in which they are given in (14) being 
that of increasing depth of color when symmetrical cyanines are 
considered. Thus, a cyanine containing two t hiazolinc nuclei 
(a) is lighter than one of the same chain length containing two 
bcnzoxazole nuclei (b) , and the nucleus that gives the greatest 
depth of color is the 4-quinoline nucleus (k) . T his relationship 
is brought out in Figure 378, in which the wave lengths of 

• AauO:IO<l in thia <:hlllller, this term me&na tha.t the a.~rption band l ieene11.~r lheviolet. 
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maximum absorpt ion of eight series of symmetrical cyanines are 
shown, these being s imilar in structure to (16) (n = 0, I, 2, 3) 
but with the various nuclei indicated replacing the benzothiazole 
rings of (16) in seven of the series. In all cases the maxima are 
tho~e of cyanines in which ethyl groups are attached to the nitro
gen atoms, these being used exclusively for the sake of uniformity. 
The individual segments of the four curves for n = 0, I, 2, 3 are 
reasonably parallel to each other with but one exception, show
ing that the various nuclei retain their relative color value..'> 
irrespective of t he length of chain in the dyes compared . T he 
exception is that t he segment for n = 0 between the fJ-naphtho
thiazole and 2-quinoline nuclei is not parallel to the correspond
ing segments for higher values of n . This is because the vinylene 
shifts between the first and second members of the vinylene 
homologous series are greater if t he nuclei are benzoxazole, 
benzothiazole, benzosclcnazole or a- or fJ-naphthothiazole than 
if they are 2- or 4-quinoline. 

The maxima. are also projected as dots in a line at the 
bottom of the figure to show the wide· variety of absorptions 
(and, hence, of sensit izings) given by these eight series of dyes. 

Unsynunetrical Cyanines 

Only those cyanines have been considered hitherto which con
tain two identical nuclei, but methods are available for preparing 
unsymmetrical cyanincs in which the heterocyclic nuclei are 
d issimilar. I t is clear that the wide assortment of possible nuclei 
and chain lengths makes the number of possible unsymmetrical 
combinations very large indeed, and a great number have been 
prepared. The absorpt ion characteris tics of many have been 
analyzed by Hamer a nd her colleagues,11 from which it may be 
concluded t hat, in general, unsymmetrical cyanines a bsorb either 
at, or reasonably near, the mean of the absorpt ions of the parent 
symmetrical dyes. This is illustrated in Figure 370, in which 
are plotted t he absorption maxima (A,.,.) of a typical series of 
three unsymmetrical cyanines (18), (n = 0, 1, 2), each contain
ing a benzothiazole nucleus and a 4-quinoline nucleus, together 
with the absorption maxima of the related symmetrical dyes 
( W), (n = 0, I , 2) and (19), (n = 0, 1, 2) . In each of the three 
sets of <:ompnrisons, t he observed value of A..,.,. for the unsym-
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Actinographs, 201, t.SO, 711 
Actinometer11, 588 
Addition agents for blue-black images, 

5f.S 
Addition law of exprn!urC, 22•1, 687 
Ad!!Orbed dye molecules, orient:Ltion of, 

1073 
Adsorption, 

andeatnlysisindevelopment,311 
ofde,·elopcrstosilver h:llidc,310,3lG, 

3l7,3l0,365,360 
ofprecipit.n.nttosilverlmlidecrystals, 

14 
of sensitizing dyes to silver halides, 

1(}(;2 
of si lver ionR to silver, 323 
thoory of development, !ll, 315 

Aerial fog, descnRitizerspreventing,45:3 
Aerial oxidution of devclnpel'!!, 4TJ 
Aftcr-tre:ttment open1tions, 50S 
Aggre~o:ation in dyes, 1054 
Agitation in devdopment, 625 

effect on rateoffixation,5Hl,524 
Albert effect, 168,294 

in rehtion to internal nuclei, 296 
the residual latent image and, 295 

Aldehydes, as hardeners, 118 
Alkuliindevelopment, concentrntionnnd 

pH , 391,442,444 
Allyl mustard oil !L.'!fl:e/atin sensitizer, 95 
Alplmnap!tthol coupler for cyan dye, 393, 

r.79 
Alum , hardening gelatin by, 110 
Amidol as developing agent, 342 

Amino arids in gelatin, 64, 68 
Amino groups in developin~~: ugents, 

function of, 365 
Aminoguanidinc us developing ugent, 340 
Aminoketoncs :LS dcvclopiug ugentll, 358 
Aminonn.phtlmlene ns developing :1geut, 

350 
Aminonaphthols tiS dcvelopiug agents, 

3!'JO 
m-Aminophenol ns developing nJ,>ent, 341 
o-Aminophcnol as developing agent, 341 , 

388 
p-Aminophenol 

aromatic deriV!I.tives of, 11.!1 developing 
agents, 340 

aut<>xidntion of, 387 
!L.'! developer in sensitometry, 632 
u.s developing ngent , 341 
influetweofsublltituentsondeveloping 

power, 347 
oxidation products of, 388 
rcdo:o:: potcntinl.~ of, 480 

p-Aminophenyl Ul..'()tonitrile, 3f> l 
p-Aminoxylenol as developing agent, 347 
Aminoure:OtLII developingngent, 340 
Ammonia, 

fuming of silver halide with, 21 
solubility of silver bromide in, 6 

Ammonium chloride, 
in dcveloper , effectongrainine~;~;~, 4(i2 

infixn.tion,effectonmte,523 
Anisotropy, opticul, of the luWut imn1,'C, 

143 
Anorthophotie emulsions, 713 
Anthraquinone Jescnsitir.ers, J~(j 
Anti foggnnts, 452,4.59 

actionof,460 
benwtriawle,460 
bromide, 459 
imid:omle compounds fUI, 00 
nitrobenzimidazole, 00, 460 
nitroindnzole, 460 
thioanilidcs m~, 00, 459 

Appcu.rmweof imt~ge, 
concentmtion und, 435 
time of, 433 

Arscnitcs, 
distribution of develoJlll.ble 

from, 149 
as fogging agents, 148 

11 02 
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Ascorbic acid , and hydroquinonc nutoxi-
d!ltion, 357, 381 

AS80Ciation of dyes, 1054, 1056, 1074 
Astrognmma, 884 
Astronornicnl level of exposure, 707 
Astronomi~;~~lphotography, 

effective HJ»Ced for, 708 
reciprocity and, 236 

Audibility, t hreshold, 917,923 
Autoxidaliou, cu.Wytic action of silver 

in, 322 
Autoxidntion of developing agents, 374 

durohydroquinone, 37.S, 381 
hyd roquinone, 377, 379, 384 
hyd rosullite, 337 
mctol, 387 
trirnethyl hydroquinone, 381 

Autoxidation renctiorus, 377, 473 
Auxoohromes, 987 
Auxet-ehromophore, 988 

Background noi&l, Wfcctcd by grnininess, 
868, 922 

Btlrricr layer cell densitomcters, 003 
Bas icity of dye nuclei :1nd color, 1000 
Bechstcin ilhuninometcr, 008 
Beer's la w, 202 
llelitski's reducer, 544 
Benzene, from phenylhydrazine, 377 
Bcn:r.otrinwle as a n antifoggant, 460 
Bichromate as reduccr,544 
Black, maximum, 734 
Bleaching nnd redevclopment toning, 572 
l :lougucr's law, 202 
Brightness, , 

eharn.ctcrist iC8 of objects, 768 
distribution in Hecmcs, 769 
sc:nlc, 7 16, 768, 775 
values in print , 741,797 

Brilliun<:e , 758 
oontrl\8~, 741 
l!pecific,oflens, 781 

Bromide, 
ndiiOrption to silver bromide, 14 
body, 16 
in development , effect on curve, 4ll, 

413 
potent ials, 351, 352, 418, 423, 480 

of developers, and redox potentials, 

"" relation to-r..,,4.21 
table of developing n.gcnts, 353 

producing depression of dcJl.~ity, 415, 
712 

solutio1111, 80lubility of silver bromide 
in, 6 

Bromides ns antifoggnnta, 459 
Bromine, 

action of, on latent imnp:e, 267 
reaction with dye upon lil.lllrntion, IOSO 

Buffer action ofgclntins,6S 

Callier coefficient (Q), 64.2, 849 
grain diameter a nd graininess, 849, 850 
photometric equivalent and, 232 

Candle, 
Hefner, 591, 596 
international, 598 
a;tandard, 590, 595 

Capillary COnstanta, effect on growth of 
cry~tnl fa<:cs, 25 

Carhostyril, 4-hydroxyi.so-, 358 
Cnt:tly~is, 

!Ld!!Orption in development , 311 
hydroxyh1mine react ion, 322, 376 
by oxidation product8, 374 
by silver in development, 309, 317, 321, 

471 
Catalysts, desensit izing dyes lls, 10-12 
Cntlllytic colloida l silver in a utoxidation, 

322 
Catechol, 

autoxidation of, 385 
asdevc!opingagcnt, 341, 344 

Cells, photoelectric, in densitometcrs, 
662 

"Central speed," 624 
Ceric salt.:! as reducer, 544 
Characteristic curve, 203, 209, 500, 699 

equation of, 200 
gradient, 699 
infiedion point of, 699 
shape of, 787 
undcrexpoi!Cd portion of, 209 

Chcmiluminest-cnce producing fog, 458 
Chlorophyll, 970 
Chrorn.<Lte hardening of geL'Itin, applica

t ions, 106, 114, 117 
Chrome alum hardener, 114. 
Chromic a cid, 

action on, 
exposed grains, 295 
latent image, 150 
silverhrornide, 150 

dcscnsiti7.ation by, 151 
Chrominm intensifier, 550 
Chromium Ml.tl! tts developers, 332 
\hromophore, 987 
Ciaydcn effc<:t , t he intcn ml la.tcnt inmge 

a nd, 168, 2:">'1, 257 
Clearing time, 520 
Clumping of silver gruins, 138 
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Coalescence of silver halide grains, 17, 
28,29 

Collagen, 02, 63 
conversion t-o gelatin, 02, 03, 101 
hydrolysis, 02 
x-ray pattern, 67 

Collodion emulsionl!, spectral sensitivity 
of, 967 

Colloid, gdntinaaprotcctivc, 17, 23,87 
Colloidnlsilver, 

aasensitizcr,\J(i.<; 
catalytic action in autoxidat ion, 322 

Colloidal ~ilvcr ~ol s, preparation, 505 
Colloids, mutual precipitntiou of, 87 
Color, 

in orgauic t'Ompounds, gg7 
of silver images:, 502, 5f.C., 047 

Color coefficient, 392,555,647 
Color temperature, 

of light sources, 599 
speed values and, 602 

Color-forming developers, 304, 579 
Colorsofsilvcrools, 565 
Comparntors a.~~ dcnsitomctcra, 657 
Concentration, 

rate of development and, 436 
varintion in developers, 435 

Concentration speck theory, WO 
meclmnisrnfor, 184 

Conductivity, 176, 184 
effectoftcrnperntureon ionic, 191 
of silver halides hy ionic migration, 187 

Conjugated chain of sensitizing dyes, 987 
Constant density rat ios, law of, 408 
Constitution, chemical, and developing 

properties, rules for, 331,3,12 
Contraction of 11ilver image, 880 
Contrast and resolving power, 8!19 
Contrasts, 

brilliance, 741 
effectivc,741 
factorsuf, 7<12 
iustrurnent for determining, 746 
objcd, 701 
printing pnpcr, 735, 742, 744 

mell.t!llrement of, 720 
Convection currents, 

in development, 625 
in ripening, 21 

Copper salts, llfl developers, 333, 336 
Copper toning bath, 577 
Couplers, 

development reactions of, 393, 3M 
producing dyes in development, 393 
toning hy dcv('lopment, 57\J 

Cresols a.s developing ngents, 360 

Crossed wedge method, 623 
CryRtnl faces, 

octahcdrnl, 15,27 
mtcofgrowth, 21,24 
surfncecncrgy of, 25 

Cryst~1l form, most fltahle, 25 
Crystal lattice of silver bromide, 12 
Cryfltnl shnpe, effcctofurcaon, 27 
Crystalstructureofsilverbromidc, 11 
Cry.~t:ds, silver bromide, 

effect of 
oonccntmtion of gelatin on, 23 
supenruturationonsizc of, 1\J 
viscosity on, 21 

forces opcrnt ing in, 22 
growth of, 21 
ion migration through, 177 
shapes of, 21,26 
(See ul!Jo Silver bromide crystals nnd 

Silver hnlidc crystals) 
Cuprous oxnlatc, nmmoniacal, 336 
Cuprous oxide, nmmonincul, ~~~ 11 de

veloper, 333 
Curve, charnctcristic, 203, 20\J, G!J9 

inflection point, H!l9 
reproduction, 799 

Cutting (~~" Rcduct.ion) 
Cyanine dye chain, 9fl.l 
Cyaniuc dye molecule, "weighting" the, 

1021 
Cyanine dyes from heterocyclic nuclei , 

993 
Cyanines, 

attachment of nuclei in, 1001 
condensation reactions in, 1()()5 

nomenclature, 100.1 
polar ~tructure of, 1003 
sih•er bromide precipitated by, 87 
(See aLso Dyes, cyanine and Dyes, 

I:!Cn~itizing) 

Cysteine ns activntor for llydrosulfi te 
dcveloper,338 

D,"Ycurvc, 416 
Davis-Gibson filter, 603, 605 
Decibel, \J23 
Dehydration, work of, 19 
Densitorneters,653 

barrier layer cell, fo63 
comparators as, 657 
Jo,les',61i6 
photoo:~lcctric, 060 

barrier layer, GG3 
rcflcct ion ,672 
1:1Clcniumcell,Uii2 
tlmlofide cell, 662 
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polnrization, 656 
refledion, 668 
we<.l~e,W7 

Den~ity , 

1lefinition, 638 
Hurter and Driffield, 202, i1!l0, 638 
internntional, 046 

depression by bromide, 415, 712 
di!Tu.se, rntiotospeculnr,640, 642 
effect of ~tirring in development on, 

!i26 
1\lliXillliiiTI, 702 
print, measurement of, GG7 
printing, &15 
reller:tion,fo67 
relntion to exposure, 200 
re~~tion to grainiuess, 843 
o;pe1~ular, ratio to diffuse density, 640, 
f~2 

J:>ensity compnrntors, 658 
(See. 11l8o Dcnsitorneters) 

Density depre.sion, 416 
Density deviations, di~trihution of, 854 
Den~ity rntios, law of constant, '108 
Den"'ity rcadin~. 

effect of senttered light on, 641 
fo~ correction, &Ill 

Den!!Ojl;;raph,657 
De~>Cno;iti?~Ltion, 

byo:hromic u.cid, li'i l 
bydyCll, IMO 
by metallic ~~:dt~, !50 
by metallic s ilver, 294 

Desensitizers, 
dyCllas (Me DyCll, deoonsiti1.ing) 
prevcntingu.crinl fog, 4[18 

De!iensiti1.ing, 
dycsn.s cntnlyst.s, 1040 
material in gel:ltin, 97 
theory of, by developer oxidation 

prodnct.s,IM2 
Desylamine, au.tuxid:•tion of, 3S.~ 

Developability of llilver bromide without 
exposure, 8\J 

Developnbility, transfcrcnte between 
silverhalidegrains,!-!:l2 

Developed silver grains, form of, 30;;, 833 
Developers, 

a.d010rption t() silver halide, 310, 316, 
317,319,365,36!) 

ncrinloxidntionof,473 
agitation of, 8SO 
alkali required in , 442 
chromiumsnlt.s, 332 
coefficient of dilution, 438 
color-forming, 364, 393, 579 

complex,36S 
oompositionof,432 
ooncentrntionofhydroquinoneions in, 

440 
concentration, vnrintion of, 435 
cuprous oxide, nmmonincul, 333 
cffectofnlkali,391 

(Sccal'o Alkali) 
cffedonscnsitivity,42'1 
fer ro-oxnlate, 309, 333 

effect of concentration, 434 
reaction of, 406 
for scnaitomctry, 629 

ferrous, 
"itralc, 336 
fluoride, 333 
fornmte, 336 
lactate, 336 
Illll ionate, 336 
snlicyb.te, 336 
salt.sn.s, 374 
o;uecinll.te, 336 
sulfnte, 332 
tartrnte, 336 

fogging power of, 454 
free energy of, 470,471 
hydrogen-ion V!!.lues in, 391, 440, 443, 

444 
hydTOil11lfite , 338 
metalsnltan.s,332, 374. 

(&eal8o0xidntion) 
molybdenum salts as, 332 
pcnctrntion into film, 404 
" perfection"of,425 
perpetual, 332 
phys.ical, 30ii, 308 

exposure for, 306 
oxidn.tM>n potentials, 305, 307, 308 
redox and silver potentials, 4!)5 
si lver nuclei in, 307 
theory of, 308 
types of, 300 

potcntinls, 504 
bromide, 351, 418, 421,423,486, 487 
direct rnerusu.rcrnentof, 487 
redox, 471,472,474,504 

mensurcmentof, 487,4!)8 
reduction equivalents, 390 
(Sec al8o Redox potentials) 

reb.tive, 419 
" prncticability,"42.:i 
pyrognllol, color from, 3fl2, 648 
reaction with si lver hnlidc, 3!6 
reactions of metal-frooinorganic, 375 
"selectivity," 424,455 
forsensitometry,629 
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Developers (e~mlimurl) 
p-aminophcnol,632 
ferro-omlflte,G.'ID 
pyrogallol, 630 
at.undurd,62!l,631 

speed values affected by, 632 
stirring of, 626,880 
tungsten suits, 332 
vanadium Mlt.s, 332 

Developer oxidation products, def!Cnsi· 
ti7.ing by, 1041 

Developing agents, 331 
adsorption of, 310, 305,369 
amidol (diaminophenol), 342 
aminogroups, funrtionsof,365 
aminogunnidine, 340 
nminoketoneg, 3!"J8 
uminonnphtha lene,350 
nminorn1phthols, 350 
nminophenols, 341 

derivatives of p-aminophenol, 349 
aminonren,340 
JH>minoxyleno1,347 

uutoxidationof,374 
bromide potential~ of, 351, 423 
entechol,34 1,341 
clas:;ification of, 332 
eresola, 360 
diuminophenol, 342 
diurninoresorcinol, 348 
dicyanohydroqninone, 343 
diffusion of, 3fr1 
dihydrn1.inodiphenyl, 340 
dihydroxyaceWne, ar~~ 
dihydroxymesitylene, 361 
dihydroxyphthalimide, 344 
dinitrohydroquinone, 343 
dio~n,364 

p-diphenol, 357 
di!!llOCiation t'Onstantsof, 391 
effect of concentration, 438 
eikonogen, 361 
energy increase by suhstitucnts, 362 
ethylgnllate, 344 
flexibility of, 367 
formaldehyde sulfoxylate, 337 
furoin, 358 
gnllaceWphenone, 344 
~1llamide , 344 
gallic acid, 341,344 
"(,_and, 423 
gentisic acid, 315 
glycin, 348 
pH values of, 391 
hydrazine, 338,377 

homologucs of, 338, 340 

hydrazobcnzenc, 339 
hydrocoerulignonc, 357 
hydrogen peroxide, 338 
hydroquinone, 341 
hydrosulfite, desensitizing, 337, 338 
hydroxyl groups in, 365 
hydroxylamine, homologucs, 338, 339, 

377 
p-hydroxyphenylaminoucetic acid (gly· 

cin), 348 
p--hydroxyphcnyl carboxylic acid, 345 
indoxyl, 3f.S 
metal containing, 374 
metals with varying valent'Y, 332 
mcthyl-p-aminophenol, 3'1H, 3!06 

(&e mctol) 
methyl gallate, 344 
metol,348,3.'">6 
metol-hydroquinone, 367 
metoqninonc,3f.S 
molybdenum salts, 332 
naphthalenes, 356 
naphthohydroquinone monomethyl 

ether,3C.O 
llllphthols, 360 
oxytetronic acid, 357 
phenyl4-aminobcnzyl ketone, 361 
phcnylenedianJine~, 34 1 

(See alsu p-Phcnylcnediaminc) 
phenylhydrazine, 338, 340, 377 
phenylhydroxylamine, 339, 377 
power of, in relation to st.rul'ture, 

3fi0 
protocatechuic aldehyde, 345 

amide, 345 
cstcn~,344 

pyramidol, 368 
pyrognllol, 340 
reducing power, 389 
reduction equivalent8 of, 390 
reoorcinol,34l 
Rongnlite C, 337 
sodium sulfite , 338 
solubility of, 363 
~tructurc in relation to power, 3[,0 

substitnents in<'-reasing the cncr.~~:y of, 
362 

thioindoxyl, 359, 361 
toluhydroquinonc, 343 
toxicity of, 366 
triaminobenzene, 347 
triuminophcnol,348 
triamino-3-hydrm:yphenol, 348 
tungstenSIIlts, 3.12 
vanadium salts, 332 
xylohydroquinone, 381 
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Developing machines, 627 
Devclo1>ing power, 

criterion for, 355 
rclative, 3•13 
rulCIS for, 3•12 
substituents, 350 

Developing propertie>~ nnd chemiCII.l con· 
st itution,331, 342 

Dcvcloping ~;ilvcr lmlidc graitlB, photo
micrography of, 834 

Dcvcluping solutiuns, 
alkalinity, 391 
composition, 374 
measuring pH of, 443 

Development, 
adsorption t heory of, 91, 315 
agita t ion in, 625 
bromide potentials (ut Bromide, po-

tentia ls) 
brush,621> 
~~~t~l ly;lis and luisorption, 311 
~at.1lyti~ nat ure of, WJ, 317,321,471 
c.o.tD.ly ?.cd hysilvcrnuclci,322 
ehernicul, 3().), 309 
concentrat ion a nd rntc, 436 
convection current!~ in, 625 
coupler, 393, f>79 
di flu~ion in, 402, 403, 4().l 
eflectof hromidc on cun•c, 411, 413 
effect of oomjXN!it ion on velocity, 432 
eflcctofpH, 444 
effect of st irring, 625 
effect of velocity of flow, 626 
equilibrium in, 33i) 
ferrous oxalate, r<ltl.(:tiorl in, 406 
finc-~rnin, 461 

A.ilver iodide,4G1 
sulfite, 462 
tlliocyunute, 462, 466 

fog i11, 450 
gr.1inincss in, 461, 464 
initinl :l!)pcnr:uu.:congrains, 144 
initiation of, 

in relation to c.xpoilurc, 138 
minimum value of n,odo:o: potential, 

488, 493 
intcrf!lce, function in, 314 
kinetiCll, 402 
mechanism, 305, 309 
optima l, 593 
oxidation products, 354,374 
physical, 30.J 

postr-fi'<lltiun, 306 
pre-fix:1tion, 306 

production of sulfunates, 382, 383 
rate, 402 

redox potentinls, 492 
rcb tion to cont<Cntrution of hydro

quinone, 440 
reactions, 374 

hctcrogcncou.s, 405,414 
hydrnzinc, 377 
with hydrogen peroxide, 375 
with hydroquinone. 384 
with bydrosulfite, 375 
with hydroxylamine, 376 
with phenylhydroxylaminc, 377 
reversiblc,414 

redox potentials, 486, 492 
sensitmnet ric exposures, 625 
silver in, 

growthof,324 
required toiniti:ltc, 162 

~ilvcr cl<lCtrode meeh!!.nism, 324 
~ilver grnins produtiXI in, form of, 463 
~ilver halide, micr06C0pical study of, 

463 
of ~ilvcr hnlide grnins, 137, 144 
silver nur.lci in, physical, 307, 308, 310 
tempcrnturc cocllicient , 448, 450 
theory of, 

clcctrodc, 324 
superl'latumtion,310 
surface charge, 00, 319 

time nf. in rcl:1tion of 'Y, 704 
velocity of, 403, 40C> 
velocity ~xmstant of, >104, 406, 410 
velocity equations, 426,432 

Development center11, 144 
distribution of, H 5 
origiu,l47 

Development constants, 730, 732 
Development factor, 204, 40S, 730 
DevelojirnCnt mottle, cnu.se, 629 
Diameter effects in im:l{!:CIS,S78 
Dituncter, law of incrense of, 884 
Di:uninodurcnc, oxidat ion of, 389 
Dinminopllcnol, 

us developing a1!;ent, 342 
oxidation product!! of, 389 

Diarninoresorcinol as developing agent, 
348 

Dichroic fog, 97,458 
origin of, 00 

Dicya nohydroquinone as developing 
agent, 343 

Diffuse density, 640, G44 
Diflllllion, 

of devdoping ngcnts, 364 
in development , 402, 403, 404 
ofimagc,871 
of ail\•er through an emulsion, 21>4. 
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Dlhydra?.lnodlphenyl developing 
ap;ent, 340 

Dihydroxyu.cetone as developing agent, 
358 

D ihydroxymesitylene as developing 
agent,361 

DihydroxyphthaHrnide Ill! developing 
agent, 344 

Dilution, eoefficient of, for developers, 
438 

Dl N speed mting numbers and fractional 
grndient, 727 

DIN system, 59 ! 
Dinitrohydroquinone as developing 

agent, 343 
Diogen us developing agent, 364 
p-Diplrenol as developing agent, 357 
Direct poaitives, image in, 564 
Dispersion, 

effect of gelatin in producing, 87 
of silver halide grain sizes, 35, 50, 56 

Dissociation constants of developing 
agents, 391 

Dissoclntionofsilverbromide, 12 
Distortion.\! of imnge, 906 
Dithionate, production of, by quinone, 

383 
Donnnn membmne equillbrium, 79 
Draper's law, 001 
Dryingofgelatin,82 
Durohydroquinone, 378, 381 

nutoxidat ion of, 37S, 381 
reaction with oxygen, 378 

Dye coupler.\!, development reactions, 
393, 394 

Dye molecules, 
tlbsorbed orientation of, 1073 
nature of nd]j()rption of, 1063 
planarity of, 1075 

Dye nuclei , busicity of, nod color, 1000 
Dye-sensitizin,~~; gelatin emulsions, 970 
Dye-toning, 577 
Dyes, 

adsorbed, orientation of, 1073 
assoeintionof,I054, 1056, 1074 
ammethine, produced in development, 

393 
desensitizing, 1040 

nnthrnqlrinone,IO.t6 
rt.scatalysts, 1042 
ehrysoidine, 1046 
diazacarboeyanine, 1045 
pi~~:~kryptolgreen, 104.') 
pinakryptol yellow, 1046 
relation to Herm:heleffect, 280 
reven;a.l and, 290 

thiazine, 1045 
triphenylmethane, 1046 

effedive in produeingHerscheleffect, 
278 

effect on silver halides analogous to 
gclatin,87 

effectofsubs tltuentson, 971 
light nbsorption and length of chain, 

9<)5 

molecular state of, 1053 
"nemati..,'' phaiSC of, 1056, 1074 
te'dction of liberated bromine with, 

l OS() 

red-sensit izing, \J72 
produced in development, 393 
as red-ISCnsitizcrs, 972 
9.S sensit izers, 96S 
sensitizing, 009, 987 

acridineomute, 971,991 
alizarine blue, 971 
npocyanine, 1021 
aummine,975 
a1.t1cyanine, 1025 
a?.alin , 970 
beuzo nitro! brown, 971 
cnrbocyanine, 972, 9'J4 

synthesis, 1000 
unsymmetrical, 975 

synthe~;is, 1010 
congo red, 071 
cornlliue, 009 
eyanlne, 970,002 

simple, 1000 
substituted, 1019 
synthesis of, 1005 
trinuclear, 1026 
unsymmetrical, 999 
weighted, 1021 
(See a/J!o Cyanines) 

eynnine b!I.'!Cs, 1030 
dicnrboeyunine, 976, 995, 10 13 
dicyanine, 072 
eosin, 970 
erythrosine, 970,990, 10..'>3, IOf.O 

dyeing of silver hnlide by, 1060 
effect of light on, 1080 

ethyl 001;ln,070 
ethyl red, 971, 1022 
ethyl violet, 971 
fas t red, 97t 
formyl violet&IB,071 
glyeinered,\J71 
hemicyaniuc, 1033 
isocyrmine, 1(1()4 
kryptocyanine, \J73, 1026 
malachite green, 99 1 
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merocynnine, 975 
complex, 1035 
comrxnwds with silver, 1001 

nn.phtlmcyanol. 972 
neouyanine, 973, lOW 
orthochrome T , 1002 
oxacyanine, 1009 
pcntacarhocyanine, 976, 1017 
phthalcin,O'JO 
pinachromc, 972 
pin.achrorne violet, 972 
pinacyarool, 972,991, 1054 
pinacyannl blue, 972 
pinnlb.vol, 991 
pin.'lvenlol, 972 
pseudO<;yaninc, state of nggregn.tion 

of, 974, l Oll·!, 1056 
quinoline red, 970 
rhodamine,OOI 
styryl, 1034 
tctmcarbocyanine, 976 
synthe~is, 1017 

thirrwlll purple, 07;i 
trica.rbocya nine, 976, 99;i, 1015 
xcnocyaninc, 076 

sensit izing, adsorption to silver halide, 
1062 
aboorptionspcctraof, IOf><!, !Of,S 
effect on latent i!llll.ge distribution, 

170 
molecular state of, 1053 
plnnarityof molecules, 1075 
stnwture of, 987, 1053 

synthesis of, 987 

li'.astmanscnsitometer,6\ 4 
Eherhard effect , R71, 875, 877 
Eder-Hecht wedge, 589 
Eikonogc,a.sdevcloping~nt,364 

ElectricHpn.rk, cffectof,254 
F.!cctrificationofsilvcrhalidecrystnls 16 
Electrolytic cell formation of Intent 

irna.ge, l 77 
J:;Jectron microscope, 

gmin structure and, 305, 834, 835 
study of developed silver, 3U;i 
study of photolytic silver, 143 

Elon (~ec Metol) 
Emulsification, gelatins for, 3,4 
Emulsion makin)'!;, 

grain distribution in, 4 
propcrtieJS of gelatin for, 86 
supersaturation after mixing in, 17, 19 

Emulsions, 
ammoniaca l,5 
anorthophotir., 713 

bromide, 962 
color of, 961 

bromo-iodide, 3, 962, 004 
color of, 31, 96J 
sensitivity of, 31, 964 

chloride, 3, 962 
color of, 961 
spectral sensitivity of, 961 

cl•lorohromide,3,001 
collodion, spectral sensit ivity of, 967 
digestion of,3 
dye-sensiti7.in!l:, 970 
eflectnfadditionofsih·criodidcin,3t 
gelatin (see Gelatin) 
grai 11 sizt:m, average, 50, 52,56 
hnrdneHsof (contrast ), 210 
iodide in, 4 

color of, 003 . 
Lippmann, 34, 312, 872 
negat ive,3 
neutra!,5 
number of ~Silve r halide grains per cc. , 

r~ 

orthophotie, 713 
paper, 8 
precipitationof,17 
preparation of, a 
rer.ry~talli7.ation of, 5 
ripening of, 3, 4, 7 
silver halide and gelatin content, 8 
supcrsensitivepanchromatic, 975 
unsensiti?.ed, ~r.nsitivity of, 965 
washing, 3, 7 

Energy, 
of dehydration, 19 
latti~. 19, 183 

Eosin-silver pla tes, 970 
Error, law of, in photography, 200 
Equilibrium form of si lver k~lidc cry~l~1ls, 

10,2.'} 
Ethylgallatea.sadevclopiugagcut, 344 
Exposure, 

astronomical level of, 707 
distributiou of, probable, 211 
effnctof,on initia tion of development, 

138 
H erschel effect affected by, primary, 

279 
at low temperatures, 270 
in printing, 827 
rehtion to density, 200 
relation of image transparency to, 200 
scaleof, 703 
sensitometric, development of, 625 
solari?.lltion,cffcctofin t.ensityof, 274 
spectroscopic level of, 707 
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Farmer'sreducer,544 
J.'errie a mmonium ~ulfate fL8 reducer, 544 
J.'errieynnides, 

in intensification, 003 
WI reducen;, 544 
toning 801utions, 577 

FerrolUidevelopen;, 
citrate, 336 
fluoride, 333 
formate, 336 
lactate, 336 
malonate, 336 
oxulnte, 309, 333 
salicylate, 336 
salts WI, 374 
succinate, 336 
sulfate, 332 
1.1\rtrnte, 336 

FerrolUI ferric complexes 334, 374 
equilibrium, determinntion of, 334,336 
systems, potent i11lsof, 475 

F i!Wr, 
Dnvis-Gib90n, 603, G05 
standard light, 603 

F ilter fu.ctors, reciprocity law and, 6!H, 
600 

F'iltersmeasuringspectn t!scnijitivity, G\J3 
Fine grain, production of, in develop

ment, 461 
l<'ine-gra.in silver images, color of, 648 
Fi:utt ion, 

chemistry o£,508 
rate of, 516, 52Q 

effectofagitllt ionon, 519, 524 
effect of anunonium cliloride on, 523 
effect of cation on, 522 
effect of temperature on, 524 
thiOt!uir1tte concentration and, 518, 

521 
re!!idool image after, 307, 31)2, 516 
time rcquired for, 525 

Fixing hath, 
acid, 527 
acidity, control of, 528 
attllck on im~,515 

effect of salts in,525 
exhaUBtion of, 525 
image reduction by, 515 
life of, 515, 526 
for post-fixntion development, 307 

1-'lare, lens, 776, 778, 783 
F lnre in projection, 798 _ _ 
F loccuintion of emulsion precipit ate, 16 
Fog, &19 

aerial, 457 
eausesof,451 

colored, 97 
dcscnijiti?.CT!! preventing, 458 
in development , 450 
dichrok, 97, 458 
origin, 90 
oxidation457 
jJToduccd by chemiluminescence, 4;>R 
prod11ccd by hydroquinone nctiun in 

developer, 457 
rate uf growth, 453,704 
Sllifitc, 457 
with va rious developers, 453 

Fog correction,409,649 
Fog density, photometric equiva lent of, 

4f>2 
Fobrging agents, 

nrscnites, 148 
chomina.l, 148 
thioca.rlmmide, 456 

F ogging power of developers, 454 
Formnldehyde, · 

us hnrdening ngent , 123 
reaction with gelatin, 126 

Fornw.ldehyde sulfoxylate, tLB developing 
UfitCnt, 337 

Frequency, 
offl:l.llhund intcrmittcncy elfcct, 252 
f11nctions !or s ize-frequency di.stribu

t ions, 46 
of sound waves, reproduction of, 931 

F 11roin as developing agent, 358 

Gain (so11nd reproduction), 922 
Galln.cetophenone as developing agent, 

344 
Gallamide WI developin~~: n~nt, 344 
Gallic acid us devclopingJlgent ,341 , 344 
.,.., 204, 408, 700 

in relution to development time, 411, 
704, 730 

va riation with wave length, 681 
'I'.,, 409 

bromide potential relation, 421 
naleulation of, 411 , 420,731 
other properties of developing o.gents 

and, 423 
1',t eurve,411, 704, 731 
Gas lnw, analogy of formation of i~e 

to, 209 
Gelatin, 59 

acid-base properties,68 
acid liquors containing sensitizers, 94 
acid t reatment, preparat ion by, 01 
addition of chemical sensiti?.er, to, 155 
adsorption to silver bromide, 88 
alcohol precipitation number, 72 
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amino acids in, 64,68 
amphoteric chamcterof, 68 
buffer action of, HS 
chemical adsorption to silver halide, 90 
chemical propcrtic~;of,62 
claAAifiCD.tion of, 9S 
combining power for silver ions, 69, 93 
composition of, 63 
concentration, effect of, on crystal 

growth, 23 
co-precipitntionwithsilverbrornide, 87 
derivntionfrornt'<JI!agen,62,63,101 
desensitizingmaterinlin, 97 
dispersion of silver hnlidesand,87 
drying, 82 
drying strains in, S3 
effect on dispersion analogous to dyes, 

87 
effect on the reduction of silver chlo-

ride, S9 
foremulsification,3,4 
in relation to emulsion making, 86 
in emulsions, 5, 86 

in precipitation, 17, 23 
settingo£,4, 74 
stirring, 23 
testing, 98 

extraction, 00 
hardening,!()() 

by aldehydes, 118 
alum, 110 
chemistry of, 114 
chromate, 106, 114 

appliCD.tions, 117 
by dyes, 107 
by formaldehyde 
by heating, 103 
mechanismof,107 
by organic reagents, liS 
photodtemi<'ally, 105 
purpose of, 101 
byquinones, !22 
in rellltion to t.a.nning, 101 
temporary, 109 

hardness, 100 
hydroxyproline in, 68 
imidamle COIIIJ)()Wldll in, 91 
inert , l55 
insolubilization by ultraviolet light, 105 
il!IX:lectric point, 71 
melting of, 74 
melting point, effect of hardening on, 

100 
membrane equilibrium, 79 
modification by silver t'<Jmpounds, 100 
moisture absorption of, 77 

molecular forces in,62 
physical properties of, 70 
preparation of, 59, 00 
proline in, 68 
protective action, 00 
11Sprotedh•ecolloid, 17,23,87 
reaction with formaldehyde, 126 
reticulation of, 85 
sensitizersin,97 

isothiocyanatca, 95 
sulfur-bearing, 94 
thiocarbamide, 95,97 

setting of, 74 
setting point, effect of hardening on, 

100 
source of, 59 
structure,62,76 
snifur, labile, in, determination of, 96, 

97 
sulfur compounds in, 94 
sweUingof, 77 

in acid, 80 
by liquid water, 79 
in relation W pH, 80 

viscosity of, 72 
solution in relation to pH, 73 

x-ray p!l.ttcrnof,67 
Celatingels, structure of, 76 
Gelatin jellies, swelling of, 8 1 
Ce!ntinmolecule,67 

structure, 63,67 
Gelatin rnw material, 00 
Gelatin sensit i1-ers, acid liquors contain

ing, 94 
allyl mustard oil, 95 
isothiocyanates, 95 

Cclntinsoill, 
hydrogen bonds in, 77 
nature of, 77 
plasticity of, 73 

Gelatin solutions, 
polariscopic properties of, 75 
pmcipit:otion in, 17 
setting and melting, 74 
structure of, 74,75 
vist'<J!lity of, 73 

Gelatin titration curves, 69 
OelntinX, 94 
Oels, gelatin, 75 
Ocntisic:>cid, 

derivatives and, developing rate of, 346 
as developing agent, 345 

Class, reduction of reflectivity, 780 
Clue, 

distinction from gelatin, 00 
preparation, 60 
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Glycin, 
11.8 developing agent, 348 
oxidntion product.s of, 3S9 

Glycine, 65 
Goldtoning,5H9 
Gradation, variation with wave length, 

681 
Gradient, 

of curve, 6!)':) 
limitin~~:, of printing papers, 739 
miuimum, criterion of speed , 713 

Gradient errors, 822 
Gmdicnt relations in tone reproduction, 

764 
Gradient speeds, 721 

meter for dclcrminin~, 727 
method of determining, 729 

Grnins,silver 
diameter and, 

Calliercoollicient,809 
gmnularity, 857 
photometric equivalent, 227, 232 

form of, 304, 311, 463, 832 
pattern, 842 
photomicrography of, 834 
produced in development, form of, 463 
structure of, 305, 463, 833 
(Secaho l ma~) 

Gmins,silvcrhalide 
absorption hand induced by exposure, 

285 
absorption limit of, 182 
absorption spectra of, 143, 181, 182, 

961 
adsorption, 

of developing agent.s, 365 
of gelatin, 90 
of S()nsiti~ing dyes, 1062 

ammonia fuming, 21 
clumping, 138 
conlesccnoo, 17, 28,29 
conductivity by ionic migrp.tion, 187 
composition and size, 271 
crystatli?.ationof, fnJrn solution, 13 
devclop:1bility trnnl!fercnoo between, 

13.<;, 832 
developing, photomicrography of, 834 
dcvelopmeut, 137, 144 
douhle-clmrge layer on, 325 
effect of cont-entmtion on precipitate, 

" faces of, 15 
growth , 13, 20, 29, 53,56 
infection of unexpoS()d by exposed, 138, 

832 
microscopic study of, 35, 37 

number per cc. of emulsion, 50 
opticnlly S()nsitized, photolysis of, 1078 
photoconductnnce effect in, 184, 185, 

1><6 
precipitation, II, 17 
projective nrca, 50 
recrystallization, 17, 28,29 
reduction of, wi th adsorbed silver ions, 

17 
sensitivity distrih11tion, 146, 160, 215 
S()n~itivity for long wnve lengths, 965 
shape of, 40 
silver iodide in, 30 
size, 

avemge, of emulsions, r.o, 52, 56 
cl:~.39 
determination, 35, 38 

rulesfor , 41 
distribution, 

t-entrifugn! determination, 36 
e~~rly work,35 
in emul~ion making, 4 

early studies, 35 
resolving po wernnd, 851 

solubility of, in thi011ulfate, 9, 514 
solventsfor,efTcctougruininess,•l62, 

4G5 510 
speet~]S()nsitivityof, l43,901 
thickness, 51 
x~rny ruudysis 1\jlplicd to, 10 

Graininess, 
gcncrnl conclusions, 838, 865 
effect, 

on background noise, 868 
of sulfite, 462 
of thiocy!IIHile, 462,466 
ofthiosulfnteon,462 

inHuenced by silver ln~lidc solvents, 
462,465 

melll!urement of,R39 
in motion picture.~, S68 
reduction of, in development, 462, 466 
rclationtoden.sity,843 
relntion to degree of development, 461, 

464 
GmininessandCnllicrcoofficicnt,849 
Gruininess conshml, 854 
Gruinincssf:lctor, S43 
Granularity, 83S 

determination with microdcn.sitom
ctcr, 850 

gr:un diameter and, 857 
obS()rvcd nnd cn[cuhtcd, Sf.O 

Greenwich forrnuhl for stellar diameter, 
884 
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Grotthus' law, 961 
Ground noise (~e Backvrouwl noi;oe) 

H and D curve (11ee Characteristic curve) 
"1-l and D speed," relation to gradient 

~peed, .'itll, 710, 72<1 
Haddon's reducer, 544 
Hair silver, 311 
Haln.tion, 871 
Halogen, elie.:;t of removal on sensitivity, 

172 
Hnlogen acceptors and ooln.rization, 273 
Hardeningago.mts, 

aldehydes, 118 
o.lum, 110 
chromate, 106 
chromeahun, 114 
formaldehyde , 123 
inorganic, IO!J 
ketunes,organie, JJS,l21 
quinones, 122 

H ardening of gelatin, 100 
(See also Geln.tin, harden ing) 

Harrnonizing hy combined reduction and 
in tcnsificution,fi57 

Heat of hydration, W 
Hc:;tofoolution , If! 
H erscheleffeet,277 

due to oxidation, 27\J 

photomcter,criticismof, 64l 
Hydration, heat of, 19 
Hydrazine n.s developing agent, 338, 377 
Hydrnzine homologues fl..\1 developing 

agent~, 34() 
Hydrazobenzene as developing agent, 339 
Hydrocoerulignone as developing agent, 

357 
Hydrogen bonds in gelntin sols, 77 
Hydro~<:en ion concentration (pH) 

concentration ofnlknlis in relation to, 
444 

of developing solutions, 443 
effect on development, 444 
effcdonsensitivity, 17.3 
viscosity of gelatin oolutionsand, 73 
values of developer~ , 3!ll, 440,443,444 

Hydrogen peroxide, 
a~ developi ng agent, 33S 
reaction in development, 37.:. 
source of aeriul oxidution fog, 458 

Hydroquiuone, 
acri,doxidationof,377,4i>7,473 
autoxidation of, 377, 37\l, 3S4 
as duveloping!lgent,3·11 
dissociation of, 443 
humic acid~ from, 377, 380 
reaction in development, 3S4 

HydrO(]uinouc derivatives, developing 
dyes clTective in prod11cing, 27S rrr.te of, 346 
effect of temperature during exposure Hydroquinone ions in developers, cun-

on, 2Sfi eentmtion of, 440 
a.s function of wave lcn~h, 2S4 Hydroquinone nucleus, c!Teet of ~uh-

Gurney and Mott's explanation, 286 stit11tcs in, 343 
int-ermedi1~te , 283 Hydroquinone peroxide, 378 
original, 277 Ilydroquinoue-quinone sy~terns, 477, 
phy~ical dispersion theory, 279 47R, 480 
prod need by ejection of clcdrons, 288 Hydroquinone sulfonate , 377, 3..'!2 
produced by red light, 27.'! developing reaction, 3S5 
rcdproci~y hw failure nnd, 280 produdion in development, 3S2, 383 
relation t<J descnsiti?.iug dyes, 280 Hydrmmlfitc, 
spectral di~;trihution of, 2S3 1111 tox id:l.tion of, 337 
thcoric~;, summary of, 289 as developing agent, 337, 33S 
varintion with intensity of primary reaction in development, 375 

expr:...~ure, 279 / Hydroxide hndy, 16 
Heterocyclic nuclei, Hydroxynminomesitylene, 361 

color values of, W8 Hydroxyl groups in developing agents, 
cyanine dyes from, 993 365 

Hofmei~ter'~ series, 79 Hydroxylamine, 
Humic acids, formed from hydroquinone, as developing agent, 33S 

377, 380 development catalyzed by si lver nucle i, 
Hurter ooctor whool, 608 322 
H urter and Drifficld, 

curve(seeChamcteristiccurve) 
photochemictol investigations of, 200, 

402,589, 63F!, 699 

development of silver rhloride with, 
322 

reaction in development, 376 
reaction with silver ion in solut ion, 376 
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Hydroxylamine homologues as develop
ing agents, 338, 339 

p-Hydroxyphenyl carboxylic acid, struc
ture of, 345 

p-Hydroxyphenyln.mino~U:ctic acid (gly-
cine) M developing agent, 348 

Hydroxyproline in gelatin, 68 
Hydroxyquinone, 378, 380 
Hypo alum toning bath, 571 
Hypo eliminators, 538 

IUuminometer, Dechstein, 668 
Image, 

appear:uwe of, in development, 433 
attack of fixing bath on, 515 
color of, 562, 566, 647 
colored,564 
contraction of, 880 
developed, 

form of grains, 305, 3ll, 463, 832 
physics of, 832 
structure of, 564 

diametereffectsin,878 
diffusion of, 871 
in direct positives, 564 
distortions and movcmenta of, 906 
distribution in depth of film, 837 
edge of, 888 
fine-grain, 

color of, 568,648 
use of p-phenylenediamine for, 462 

intel1llified, color of, 648 
migration of particles of, S6 
residual, after fixation, 307,392,516 
sharpness of, 871, 800 
size of particles in, 564 
susceptibility to attack, .'it5, 564 
transparency of, in relation to expo-

sure, 200 
Imida?.o!e compounds in gelatin, 91 
I midawles ILS antifoggants, 00 
Indoxyl as developing ngent , 358 
Induction effect and the surface charge 

theory, 90, 319 
I nduction period, 3Ui 

effect of iodide and dyes on, 315, 316, 
317 

with various develor,ers, 320 
Inertia, 204 , 4(18, 500, 702, 710, 716, 723, 

724, 727, 749 
regression of,413, 416, 712 

Infection of unexposed by exposed groins, 
138,832 

Inflection point of characteristic curves, 
699 

I nfrared, 
photography, limit of, 976,977,982 
sensitizersfor,973 

I ntensification, 
optical, 553 
reduction and, .542 
by silver sulfide, 55.) 

by stain, 554 
Intensified imuges, color of, 648 
Intensifiers, 549 

chromium, 550 
ferri cy:mide, r,;.a 
mercury, 550, 552 
Monckhoven, 550 
physical, 551 
proportional, 550 
pyrogallol, stain in, 554 
silver, 550 
uranh1m, 550 

Intensity, 
level, 237,617,707 

eiTecton solarization, 275 
optimum,237 
insensitometry,6I7 

scale, 
scnsitometers,6Hl, 619 
time seale and, 241,619 

Interface, 
function in development, 314 
reaction at, 315 

Intermittency effect, 250 
frequency of flash , 252 
in sensitometry , 609 

International density,dcfinitiono£,646 
International standard unit of photo-

graphic intcn~ity, G04 
Iodide in emulsions, 4 
Iodide procesa of dye toning, 578 
Iodide treatment of solarized image, 271 
Iodine reducer, 544 
Jodo-o.minophenol coupler developer, .580 
loniemigration, 

conductivity by, 187 
through crystal, 177 

Jrra.diation, 871 
Isochromatic plates, 970 
Isoeyanine dyes, nbsorption spectra of, 

971 , 1054 
Jsoelectric point of gelatin, 71 
lso--ylines, 437 
Isoquinoline dyes, nonplunar, 1077 
laothioeynnates, as gelatin sensitizer~, 

reaction with silver bromide, 95, 153 

Jones densitometer, 656 
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Keimblosslogun~. 167,271,315 
Keratin in gelatin, 63 
Keto groups, effect on developing power, 

344 
KetonC!:!asharcleners, 118, 121 
Kinetics of development, 402 
Kodachrome process of color photog-

raphy, 3!JJ 
Kootinsky cffcd, 877, 878, 910 

Lunbert'1:1 !all', 202 
l..atentimnge, l37 

bromine action on, 267 
tiS catalyst fnr development, 471 
chromic acid act ion on, 150 
destruction of, by light of long wave 

lengths, Z78 
distribution in grain, 166, 2ii7 

effect of sensiti~.ing dyes, 170 
effcetofl.cmpcr:ttureon, 171 
n.s nn electrode, 327 
electrolytic forma tion of, 1 n 
formation of revcn;ible, 207 
formation, theory of, 189 
internal, IG6, 200 

Albcrtcffcct nnd, 2':16 
Claydcn effect and, Hl8, 254, 257 
reciprocity failure nnd, 243 
surface and, Hi9, 272 

massof, l61 
micelle theory of, 143 
nature of, 138 
number of quanta forming, 212 
optical nni80t ropyof, 143 
oxidizinll: agent.s, act ion on, 150, 24:i 
pnrticle thoory of, 143 
pltot.ochemicnl OO!l.'!iderntione relating 

to, 178 
quantity of silver in, 161, 1080 
quantum medul.nica, applirotion to, 

183 
regrC68ion, 245 
8i1.c,minimum,of, 162 
surface, IG6 
theories of,t:mblmlide, 141 

Latent image 8peck and Herschel effect, 
288 

l~'ltitudo, processing, 701, 716, 733 
Lattice energy, 19, 1&3 
Lens, 

flare, 776, 778, 783 
rdlcclions, 779 
~pedfic brillinnee of, 781 

l.i~tht, nhsorption of (sc~ Ab!!Orption) 
Light darts, theory of CXJKI~ure, 147, 213 
LigM distribution within n. shadow, 874 

Light source~, 59t> 
color l.cmpenLturc of, 599 
energy distribution in, 6R5 
for sensitometry, 595 

Light 8tlllldlords (see Stnndurd:l) 
Liglot vnlvc, 925 
Lightning, black, 254 
l.iming in preparation of gelatin, 60 
Lippmann emulsions, 34 

tlll'bidityof,872 

Mackie line,880 
Mulachitogrccn, 

production of HerStJhel effect, 278 
sensitizirog dye, 991 

Mass nction, formula analogous to law of, 
205 

Mnxirnumblnck, 734 
?.Ieclmnism of development, 305 
Meltingnndscttingofgclatin, 74 
Membrane equilibrium in gelat in, 79 
Mercuric interosificrs, 550, 5.'}2 
Mcta l-oontuining developing ngcnt.s, re-

nctionsof,374 
Metals with variable valency 8.8 de

ve!OJ.l(:~rs, 332 
Meters, exposure, mting nu.mbell:l for, 

711 
Methyl gallate u.s developing agent, 344 
Mctol (J>-methylaminophenol), 366 

autoxidntion of, 3R7 
developing properties, 364 
effcctofconcentrnt ion, 441 
oxidation pl'O(hlctsof,388 

Met.ol-hydroquinonc, 367 
Mctoquinone,368 
Mioo!lc theory of latent image, 143 
r.Jicrodcnsit<Jmeter traces, effeet of gru.n-

ularity on, 851 
r.licrnphono, 917 
Microscope equipment for grain size 

measuremcnts, 37 
r.Iirror image law, 700 
Molybdenum !lll!t-1! as developenJ, 332 
Monckhoven intensifier, 550 
Monochromat ic sensitomctcll:l, 678, 963 
Motion-picture film, characteristics of, 

700 
Mot ion-picb1re projection, flare in, 798 
Mottle in development, cause of, 629 
l\I usicalnote,t'Omposit ionof, 917 

"K:Lchb:Lr Effekt" (see Xeighbor!Jood 
effect) 

Naphthalenes, dihydro:ocy 68 developing 
agents, 356 
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Nnphthohydroquinonemonomethylether 
n.s dcvelopingllb>ent, 360 

Naphthols n.s developing ugcnts, 360 
Ncgutive mntcrinls, chnra.ctcristics of, 

766 
Neighborhood effect , 875, 879 
" Nematic" phase of dyes, 1056, 1074 
Nictz.ski's rule, 1022 
Nitrobem:imido.zole WJ antifoggunt, 00, 

460 
p-Nitrobcnzyl cyanide, coupler for ma

genta dye, 393 
N itroindawlc WJ an n.ntif~ant, 400 
Nitrosohenumc produced from phenyl 

hyclroxyluminc, an 
Nonintermittentsensitometers, fill 

Objcet eontmst , 701 
Object ive reproduct ion, chnractcristics, 

75.''), 796 
Oetuhedrn, derivat ion of cry~l~tl ghapcs 

from, 25 
Oetahednd f:u."Cll in ery.;tAis, 27 
OpGcity, definition of, c .. ~~ 
Optiua l intensification, 553 
Opticul sensiti1.ers, 969 
Optical 3Cnsitizing, mechanism of, 179, 

10.">3 
Optimum intensity , 237, 1004, 1069 
Organic oompoUilds, oolor in, 987 
Orthochromatic plates, 970 
Orthophotic emulsions, 713 
O!>Uillogrnph for smmd recording, 921 
Ossein, 62 
Ostwald ripening, change of size of 

gnlina with, 21,28 
Oxh.l:lt.ion, 

aeria l, of developers, 377, 473 
fog, 4;,7 
thc llersehel etTedund,27\J 

Oxidation potcntiuls of phyaicu.l de
velopers , 30S 

Oxidnt ionproduef.l!, 
adsorption of, 318 
catalytic act ion of, 318 
ofdcvelopers, 374 

desensitizing, HH I 
diaminophenol, 389 
effec:ton clevelopment , 318 
glyciu, 389 
of met.ol, 3S8 
p-phenylenccliamine, 389 
quiuonoid, 374 

Oxidation reduction potential~ of de
velopers, 471 

Oxidizingn.gcntl!, 
action on latent irtULgC, 150 
redox potentials, 474 

Oxytet ronic acid 1111 developing agent, 3t>7 

Panchromatic plntcs, 972 
Pnper (see Printingpoper) 
Pnpcr emulsions,S 
Paper sensitometer, 619 
Panchromatic plates, 972 
Pnrnminophenol (see Aminophenols) 
Pentane lamp, .'>90, ,')9,", 
Peptizat ion of silver halide precipitate, 

9, 16 
"Perfectiou" of developers, 425 
Perrnangarmtc reducer, chemistry of, 544 
l'eroxide, hydrogen (see Hydrogeu perox-

ide) 
Pcrsulfttte, 

Ctltalyticat'tion, 546 
Asreduecr,544 
theory of actionon silver,54fi 

Phcno.safmnine,HH2 
Phenyl-4-aminobcmo;yl ketone as de

velopingagent,361 
Phenyl glyciu (ue Glycin) 
Phcnyl!rydra7.ine as devdoping agent, 

338, :340, 377 
Phenylhydroxylamine lUI developing 

ngent , renction, 331~, 339, 377 
Phenyl-met hyl-pyra.zolonem:tgentnooup

Ier, 5SO 
m-Phenylenediamine as developing 

agent, 341 
o-Phenylencdiamine as developing agent , 

341 
p-Phcnylencdinmine, 

in developers, redox potentia ls of, 485 
ns developingngcnt , 341 

arOml\t ic derivutivcs nf,349 
derivatives ns color-forming devel

opers, 364 
effect of sub11titut ion on developing 

properties, 34S 
for fine-gra in images, 462 

oxidat ion products of, 38!1 
Photochemical oousiderations of latent 

ironge, 178 
Photochemicalequivnleuccln.w, Jfo5, I7S, 

1078 
Photochemical hnrdening of gelat in, IO.'l 
Photodremical invcstig-J.lions, Hurter and 

Drifficld , 200, 402, 58!1, li38, 6W 
Photochemical primury proce~;~;.l 7S, lOS! 
Photoconductanec insilvcrbromide, 176 , 

184, 185, 186 
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Photoelectriceffect,intern:d, 175 
Photoengraving, effective speed of ma

terials for, 709 
Photographic sensitivity oompared with 

visual, 809 
P hotohaJides, 140 
Photolysis, 

uffuct of tempcmture on, 171 
quantum equiv»leneu in, HH, l(i5, 179 
of sensitized silver halide, 1078 
of ~ ilvcr bromide, 164 

Photolytic deeomposition, theory of, 188 
Photometers, 

hench,Gf,;3,0[)1) 
Hurter and Driffic td, critid~m of, 64 1 
for measuring density , principles of, 

639 
(Seealsoiknsitornctcrs) 

polarization, 656 
Plwtmnctric equ ivalent, 20.'~ , 226 

Ca.ll icr coeffi cient a nd, 232 
effect on fog correct ion,G5 \ 
in fog densitic~, 4f.i2 
grain dir11neterand , 227,232 
in solarized i nm~,'"CI!, 263 
variation of, 230 

P hotornetriestanda.rds, 598 
Photometric unit::!, 772 
Phot.omdry, 

photogr»phie, 238, 884 
stellar , 8R3 

Photomicrography of silver grains, 834 
P hotomicrography by 11ltmviolct light, 

37,834 
PhotoRaltR, composition of, 141 
Photovoltaic cff(.dl! on silver ha.Hdes, 176 
Physical development (see Development, 

physicul) 
exposure for, 306 
si lver nucle i in,307 
theoryof,308 
types of, 300 

Planar ity of <lye rnoleculus, 1075 
Pl!l.llticityof gelat.insolutiollll, 73 
Plate tester, Chapman J ones, 589 
P oised reaction systems, 472 
Po!u.riscopic properties of ~,'eb t in solu-

tions, 75 
Polariznt iondensitometers,6.'i6 
Polypeptide chain, 64 
Polypeptides from ami no :wid~, 66 
Po!ys111fide toning, .J71 
Positive rnaterials,charncteristicsof, 792 
Post-fiXJI.tion physical development, 306 
Potential gradient silver halide ~;rain, 

326 

Potentials, 
bmmide (ue Bromide potentialR) 
hydrogen ion (s~e llydrOJ.,'CII ioro) 
of developing ngcnts, 470, [>{)4 

direct rnensurcmcnt of,487 
relative,419 
(See a/.w Developers, potentiab) 

offerrousferricsystems,47;j 
of hydroq11inone..quinone syl!tems, nor-

Illill, 477,178, 4SO 
redox (see Redox potentials) 
reduction, 3;;3 
silver, withcomplex-fonningsalt.s,4M 

Precipitate of silver halide, !) 
Predpi1.'1te~, inception of, 17 
Precipitation in gelntin solutiou, 17 
Pre-(__-qmdi1.ation in sound reproduction, 

930 
Pre-fi:omtion physical development, 306 
Print, bri)!;htness, 741,797 
Print br illi:.mce, 7&<; 
Print contrast.s, 741 
P rint criterion of speed, 719, 721 
Print denRities, measurement of, G07 
P riat quality,818 

relation to ne~~;ativccxposure,82 1 

P rint-scaleof,820 
P rint washing, 53.') 
P rinting, 

meas11remcntofexposure,8'Z1 
tolemncein,827 

Printing density, 645 
Printing papers, 

oontrll.'ltof,meas\lrementof, 744 
effect ofdevelopmentoncllrves, 748 
effective eX]J0~11re scnlc of, 737, 739, 

740 
limitinggrndientof, 739 
maximum density of, 73·1 
nmximum slopeofc;urves, 73:) 
sensitometrieconstnntsof, 734 
total scale of, 735 

P rinting systems, characteristics of, 700 
Prm~>;:;in~ btitude, 733 
Prolinein.R;elntin, 68 
Proteinformntion,66 
P rotocatechuic derivatives as developing 

ft),I"CII\..s, 344, 34[) 
Pymmidol, 3GS 
Pymzo!one, 1-phenyl-3-methyl-4-arnino-

Pyro~ltt reaction in development, stain 
prod11ced by, 3S6, 392 

P yrogallol developer in sensitometry, 6.10 
l>yrognllol developers, color frorn, 3!:12, 

648 
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P yrogallola.s developing agent, 340 
Pyrogallol stain u.sed in intensification, 

554 

Q, 642,849 
(&eahoCallicrcoefficient) 

Quanta, absorption of, in exposure, 179, 
2ll, 1078 

Quanta forming packs of silver atoms, 221 
Quanta making grain developable, 214, 

1078 
Quantum equivalence, 

in photolysis, 164, 165,179 
of sensitized sliver halide, 1079 

Quantum equivalence law, 178 
Quantum inechanlcs and the L~tent 

image, 1&1 
Quinone, 

formed in development, 37S 
a.shardcner, l 22 
a.sreducer,544 

Quinoneimine from p-aminophenol, 387 
Quinonoid compounds as criter ion of 

developing power, 3!.15 
Quinonoid oxidation products, 

of developing agents, table of, 354 
in developmcnt,354, 374 

Reaction.s of development, fundamental, 
374 

Rebromination theory of solarization, 
267,269 

Reciprocity law failure, 236 
shape of curve and, 224 
filter factors and, 694,696 
Herschel effect and, 280 
at high intensities, 168,244 
internal latent image and, 243 
ntlowintensities,245 
tempernturennd, 243 
W1Welengthand,249 

Recrysta1H1.:1tion of grains, 17, 2R, 29 
Redox and bromide potentials of de

velopers, ,')()4 

Redox potential systems, deterioration 
o£,473 

Redox potentinls, 
of p-aminophenols, 4SO 
common reducing and oxidizing agents, 

474 
ofhydroquinonc, 477 
dependence on pH, 483 
of developers, 471, 472,474 . 498,504 
different types of development for, 492 
of irreversible systems, 474,479 

minimum value to initiate develop-
ment, 488,493 

of p-phenylenediamine systems, 4M 
relntion to rate of development, 492 
~>ignificance in development, '486 . 

Redo" and silver potentials for physical 
developers, 495 

Reducer, 
Belitski's, 544 
bichrornate,544 
ceric9llltsas,544 
Farmer's,544 
ferric ammonium sulfate, 544 
ferricyanide,544 
Haddon's,544 
iodine, 544 
pcrmnnganate, 544 
persulfate, .'i44 

catalytic action in, 546 
quinone, 544 

Rcducera,cla.ssificationof,543 
Reducing power of developing agents, 389 
Reduction equivalents, 

of developers, 390 
of developing agents, 390 

Reduction and intcnsificntion, 542 
Reduction potentials, 

reln.tive,3i>3 
tnbleof,353 

ReftC<Jtion densities, 667 
Reflection densitometers, fillS 
Reflectivity of gia8;1, reduction of, 780 
Regression of inertia, 413, 4\6,712 
Regression of the Jn.tent image, 245 
Reproduction, 

objective characteristic~ of, 755, 700 
subjective charncterist ics, 802 
subjective phase, 755 

Reproduction curve, 7W 
subjective, 814 

He-reversal, 262, 264 
Resolving power, 894 

oonti'IL8t and, 899 
development and, 901 
for electron beams, 905 
expression of, 003 
grnin size chnrncteristics and, 902 
mea.surementof, 896 
test object, 897 
wavelength and, 1)0) 

Rcsonuncc-loybrid, 988 
Resorcinol as developing agent, 34 1 
Reticuhtion ,R.') 
Retinal sensit ivity (see Visw1l sensitivity) 
Rever!llll, 261 

de&lnsitizing dyes nnd, 280 
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produced by thiocarbnmide, 456 
by simultaneo1111 infrared and blue 

light, 283 
(&e aUoSolarization) 

Ripening, 17 
convection currents and, 21 
ofemulsiona,3,4, 7 
Ostwald, 21 

Rongalite C N:l developing agent, 337 
Ross effect, 007 
Ross formula for ate!L'lr diameters, 884 
Rule!! for determining sire~~ of silver 

halide grains, 41 

&battier effect, 
amount of screening, 291 
from bromide liberated in first develop

ment, 200 
oomplex nature of, 2!)4 
from desensitizing action of oxidation 

products, 290 
produced by movement of iodide, 290 
produced by screening, 200 

Scale, tota l, 703, 735 
Scattered light, 

effect of, on density, 641 
mea.surementof,644 

Scattering of light in emulsion layer, 871 
Scheiner formula for ~tellar diameters, 

884 
Scheinerscnsitometcr,591 
Scheiner speed numbers, 591 
Schumann plates, 965 
Schwarzschi\d coefficient, 240 
Schwarzsehild'slaw, 236 
Sector wheel, Hurter, 608 
Sector wheel scnsitometers, 611 
Sectors for spectrographs, 688 
Sedimentation determinat ion of grain· 

size distribution, 36 
Selenite in t-oning bnths, 575 
Selenium cell densitometer, 662 
Selenium toning, 574 
Selen06ulfate toning agent, 575 
Scmicarbazide, effect un solarization, 273 
Sensation units, 811 
Sensitivity, 

of the eye, 758, 805 
oompared with the photographic 

plate, 809 
determination of, 805 
effect of surroundings on, 805 

of photographic nu~terials, 
H.lltronomienl, 708 
determination of, 201, ."')91, 707 
effect of developer, 424, 632 

spectral , 144, 677, 682, 961, 967 
of uf\8Cnsitizcd emulsions, 965 

of silver halide grains, 
distribution of, nmong grains, 160 
effect of pH, 172, 173 
influenceofremoval ofhalugen, 172 

ofsilverhalidcgrnins,variationof, 215 
specific, 146 

Se!lllitivity specks, 144, 148 
concentration action of, 160 
function of, 159 
IUI.tureof,153 
si lver sulfide in, 162 

Sen~itivity substance, 
attackability of, 152 
d istinction from Intent image, 158 

Sensitivity-wave length curve, 682 
Sensitizntion, 

by oolloidal silver, 968 
dye concentration and, 1067 
optimum, 1064, 1067 

Se!lllitizers, chemical 
addition togelutin, 15.5 
ingclat in.95 
silver ~ulfide, 154 

Sensitizers, for infrared, 973 
Se111:1itizers, optical, 009 

silver nnd ~ilve r sulfide H.ll, 968 
Sensitizing, 

by dyes, 968 
optical, 179, 968, 1053 
wet collodion plates, 970 

Sensitizing dyes (~ also Dyes) 
absorption of light by, 1053, 1058 
adsorption to silver halide, 1062 
molecular state of, 1053 t 
structure of, 987, 1053 . n \ 

Se!lllitizing material in gelatin, thioear· 0 
bamide, 95, 97 

Sensitometer numbers, 588 J 
Sensitometers,ti94 

classification of, 607 

=~:~·:!0of word, 588 ~ 
Ea.stman,614 
intc!lllity seale, 616,619 
monochromntic, 678, 963 
nonintermittent,611 
for papers, GlU 
Scheiner, 59\ 
~JCCtorwhec l,6 11 
t imesenle,fiOR 
Type 11-B, 6 14 
visual, 805 
Warnerke, 588,710 

, 
\ 
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Sensitomet ric oonstants of printing 
p11pers, 734 

Sen~itometrie develope!"$, sln ndnrd, 629 
Sensitometric CXJIOl!UI'Cs, development of, 

625 
Sens itometric results, interpretation of, 

699 
Sensitomet ry, 
dcfinition of,~7 
developers for (&re Develo~rs) 
intensity level for, 617 
intermittency effect. in, 009 
wedge method, 623 

Setting a nd melt iug of gelatin, 74 
SlmrpnCSH of ailvcr image, 871, SOO 

relation to turbidity, 800 
Silver, 

amount initiating development, 162 
as cat-alyst in reduction, 309 
c:1tnlytic li.Ction, in development., 321 

on hydroxyl'l.mine retU:tion, 37(i 
on reduction of silver chloride with 

hyUroxylnmine, 322 
oomplex ions of, 509, 511 
dctermirmtion in i~. 226, 230 
diffusion through a n emulsion, 294 
formation from s ilver kLiide grain~. 833 
persu]f,Ltc action on, 5·16 
produecd by light, shown by x-ray, \ 41 
quantity, in inmgc, 

latent, Hi! , 1080 
soilLrized, 263 

Silvcr,oolloid:\1, 
cntalytic action of, 322 
as optlool sensit izer, 968 
ROis, 565 

~ilvcr, hsir,31 1 
iilver, metnllir., producing desensitiza

tion, 2!).1 
ilver, reduction potentials of, and phys-

icn l developers, 495 
i],•cr body, 16 
ilvcr bromide, 

11.h8orpt ion hand of (3Ce Absorption) 
bromide ahsorptiou, 14 
chromic acid ac;lion on, 150 
oo-precipitl\Uon with gelatin, 87 
cryst.a.l latliceof, 12 
crystal structure of, 11, 15 
Ueveloping agent adsorption, 36!1 
di!Wleiation of, 12 
gelatin, adsorption to, 88 

photolysis of, lf>4 
predpihLtcd by cyanine dyes, 87 
reduction withoutcxpo~ure, 1:!0 
solubility in a mmonia, 6 

solubility in bromidcsolutions,6 
x-nty spect rum of, 141 

Silver hromidccrystuls, 
allow~! energy levels in, 185 
oonditionssurroundin~o:, 14 
double charge-layer of, 32;; 
faces of odahcdral, I;) 
(See aL•o Silver halide crystals) 

Silver bromo-iodide, 
color of, 004 
spectral sensitivity of, 964 
strudurcof, 963 

Silver chloride, reduct ion of, 
effect of, 

colloidt>l ~ilver, 32'1 
gclntin,89 
light, 13!l 

Silver deposit, 
oolorof, rl()S 
formof, 5G2 
spectml selectivityof,(.-17 

Silver electrode mechanism of devclol>
rncnt,324 

Silver fil:Lrnents,311 
Silver gmins (ut! Grnins, silver, anU 

Image, developed) 
Silver ht>lidccrystHls, 

ndsurption to, 14 
da&;of, 25 
e!cctrificnt ion of, 16 
exce&~ of one comJxment of, 14 
form of, equilibrium, 10, 25 
growth of, 13 
shfl.~of,2r. 

size of, iu relation to mtc of condensa
t ion,!) 

Silver hnli rlc grains (~u Grains, silver 
halide) 

Silver h:tlidc h1Wtoe energy, 183 
Silver lrnlide layers, nh8oq)tion of light in, 

20/i 
Silver halide mixtur~, in emulsion gming, 

lattice structureof,30 
Silver halide precipitate, pcptizatiou of, 

9, 16 
Silver halides,seusiti1.ed 

photolysis of, 1078 
qnunt.um equivnlent of, 1079 

Silver intensifier·, 550 
Silver iodide, 

absorption of, 9f>3 
effect. on graininess in devclopment,4&t 
in crnul;;ions,cfJcetofHddit.ion of, 31 
Iattil;o ;..t nwture of, 30 
photogruphic sensit ivity of, 003 
in silver bromide gmius, 30 

v 
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Silver ions, 
adsorption to silver, 323 
t-omhining power with J{Chtin, ()!), !)3 
in solution, rea.t'tion of hydroxylnmine 

with, 376 
Silver nuclei in devcl<"ltnnent , 307, 30S, 

310 
sn,·er potcnt-ia /1! ""ith oomplex-formi ng 

6ll!t~. 49-1 
S ilver precipit:lte, structure of, 563 
Silverselenide,574 
Si/verosuls, 565 
Silver suhnuoride, 14 1 
Sill'ersubhn.lide, 139 
Silver sulfide, 

determination of, on silver halide, 00 
in intensificution, 55;; 
production by thiocarbu.mide, 00, 154, 

157 
rc~~idn .. '\1 imngc, 510 
in !!Cnsitivity ~pet·k.!l, 102 
HIS upt iC:l[ IICU~ilif.Cr, 96!i 
o;cnsitizin~~;silverhnlide, 154 
toninp:, 570 

S ilver WIIuride, 574 
Size-fn_.'<tucncy curveos, 

constunl.l:cof, 49 
of~~;rain siUlS, 40 
orip:inof, 47 

Size-frequency distributionl!, frequency 
functiollilfor, 46 

Si1.c-frcquency relations in emulsions, 50 
Ro!:1r Rpectrum, photof,'T:lphy of, 968, !)73 
Solnrif.otion, 

nbsence at low tempemturc~~, 270 
t'O,'\.C:Uht ion of the imfl.{,'C, thoory of, 205 
C(wering power of 11ilver in, 203 
d ispen;ion thoory of, 266 
distribution of 1:1ilver in, 265 
efft'Ctof inWnsity levels on, 274 
effect of l!(lmicarh:t1.ide on, 273 
effect of temtJCmtureon, 2f.S 
emulsions which ,;how, 276 
inhibilcd by lmlo~en llCCepV>rl:l, 273 
in internal a nd surface laWnt images, 

272 
pepti?.ing thoory of, 2G6 
photometric equiv!l-lent of images, 263 
production of, 276 
rebrominntfon t heory of, 2G7, 2G9 
J"C!tres.sion theory of, 266 
rehtion to development, 261 
remov!l-1, 

by iodide , 271 
by thiosulfate, 271 

sOrlllitivity to, o.nd gr11in s i1.e, 264 

------~------

Rilver in m:uss of latent image, 263 
6ilver photoehemil:nlly formed in, 265 
thcorie11 of, 2t) l , 265, 200, 269 
with phy~iNd development, 263 

Solari?.ed grains, 
dcvelopolCnt of, 3 18 
t reatment with iodide, 271 

Solubility of developing ngerrt-s, 3ti3 
Solubility of ~ilver bromide iu bromide 

solutions, 0 
Solution, heat of, 19 
Sound, 

frequency characteristics of, 931 
loudneM of, reproduction, 923 
nature of, 917 
threshold audibility, 923 

Sound film , 918 
Sound recording, 

cnncellntlon derll!ity, 947 
interrnodulntion, 940 
lightvalvefor,!)Z.') 
noisclc$8, 923 

post-(l(]ualizntio rr , 930 
p~qunlir.otion,!)3() 

noi!les in ~ystem, 923 
oscillogmph for, U21 
tone, reproduction of, 921 
WS\'e-form distortiou, \).15 

Sound reproduction, 918 
cross modulation, 9-19 
din.~rnrn, 935 
luormonie distortion, 952 
pre-eqnali?.ation, 930 
reproduction o! frequency recording, 

!)31 

scanning slit loss, 952 
zero shift, 950 

Sound track, 917 
modulation, 005, !H7, 921 
vnriablcuren, 920 
vnrinblc 1lensity, 918, 920 

Sound wave forms, reproduction, 931, 
932,933 

Spectral nhsorption (see Abaorption) 
Spectml selectivity of l!ilver deposi~, 647 
Spectral sensitivity (.see Sensitivity) 
Spectrographs, wedge, 678, 688 
Spectroscopic JevelofexJJOSurc, 707 
Spectrum photograpl•y, 976 
SpeCJJinr density, 640, 644 
Speed, 201,591, 702, 707 

nffected by developer, 42-4, 632 
" centrul,"G24 
correlat.ions bet ween methods of de

termining, 721 
criWrion,of best print , 7 l!:l. 721 
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Speed (continued) 
effective, for photoengraving, 709 
fraction>ll gnu.lient, det.ermination by, 

727 
from incrtia,712 
from minimum gmdicnt, 714 
thl'cf!hold,710 
(See also Sensit ivity) 

Speed rating numhers, 
color temperotures of sources and, 002 
DI N,.">91 
Erler-Hecht, 589, 711 
Il and 0 ,591, 710 
Scheiner, i>91, 711 
Watkins, 711 
·w cston,71 1 
Wynne, 711 

Stain, 
intensification by, 554 
produced ill development, 392 
in pyrogallol intensifier, 5M 
yclluw,cllc<:tofsulfitc, 393 

St.andard black body, 598 
Standard candle, 590, 595 
Standard density, internationRl, defini

tion of, G4{i 
Standard developer, scnsilomctric, 631 
Standard international unit of photo

grnphic intensity, 604 
Standard lamp, 

acetylene, 596 
tungstcn, 598 

Stanrla.rd light, filter for , 603 
Standard light unit, 597 
Standards, photometric, 51)8 
Stannous salto!, effect on autoxidation of 

hydroquinone, 381 
Stcllnr diameters, formulus for, 884 
Stellnr image, illumination in, 884 
Sterols in rclatiou W gelatin I!Cnsitizcn, ... 
Stirring, 

effect un development, 625 
effect on fi:mtioll, 519,524 

Stmins in gt:llt.tin d rying, 83 
SubHuoridc of silver, 141 
Sublm1idc theory of the latent image, 141 
Subhalides of silver, 139 
Subjective phii.IIC of reproduction, 75.5, 

""' Subjective reproduction curve, 814 
Sub.stituent!l, effect of 

on developing agent energy, 362 
on dyes, 971 

Substitution effect on developing power, 
300 ' 

Sulfide, production from thiocarbamide , 
addition oompound, 96, 156 I 

Sulfide tones, color of, 573 
Sulfide toning, 570 
Sulfite, 

effoot, 
on autoxidation of hydroquinone, 

382 
on color of image, 648 
in coupler development, 397 
ongrn.ininess, 462 
on oxidation of p-41minophenol and 

metol, 388 
on yellow stnin, 393 

preservative action of, 382 
production of fog by, 457 
sodium, aa developing agent, 338 

Sulfur, 
in gelatin scnl!itizel"8, 94 
lnbilc, in gela tin, determination of, 96, 

97 
Supersaturation, 

crystallizo.tion of silver halide from 
solution,13 

effect on size of crystals, 18, 19 
after mixing in emulsion nmking, 17, 19 
theory of development , 310 

Supcreensitl1.ation, 1070 
Surface charge theory of development, 

and induction effect, 90, 319 
Surfnoocnergy, 

effect of, on crystal form, 25 
minimal principle of, 25 

Swelling uf gelatin jellies, 81 
(See abo Gelatin) 

Synthesis, 
of cynnincs, 1005 
of dye~, 1)87 

Tablet.~, tricolor, 692 
Tnnning of leather or gelatin, 100 
Tellurium toning, 574, 575 
Temperature, 

effect of, 
during exposure on Herschel effect, 

286 
on fixation rate, 524 
on ionic conductivity, 191 
latent imago forma tion on, 189 
on latent image and photolysis, 171 
on mte of development, relation to 

material, 448,450 
on solarization, 268 

exposure, 270 
reciprocity law failure and, 243 

Thalofide cell densitometer , 662 
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qyes os desensitizers, 1().1[, 

~s. 
&QtilqAAr~nt6, 00,45\l 

"..::.~:~:.·ith silver halides, 00 

" complex with silver bromide, 00, 156 
u fogging ugenl, 456 
in. gelatin, !J.\!l7 
reudion with emuiRion h~lides, 00 

J:~:;U~~~~~~:;1o~~ 9~~54 
ThioCyanate in developer, effect 

gmininc!IS, 462, 466 
Thioindigo, fornmtion nf, 361 
Thioindoxyl o.a developing agent, 359,361 
Thiosulfate, 

attaek on met.allicsilver,515 
concentrat ion a nd rate of fixation, 518, 

521 
dc;Muct ion of solnri:mtion by, 271 
effect on grninin~, 462 
renrtion with t~ilvcr hnlidc,51 1 
solubility ofsilvcr halidcin, 514 

Tl•iOO>ulfuric<:omplexes, 512 
Thr~holcl l:IJ>eed, 710 

stundardiza.tion of, 587 
T ime or appc:lrnnoo of image, 433, 435 
Time scale and intensity sc-.~Je, 241,619 
Time scale sensitometer, 608 
Titration, 

curvesofgcL'ltin, 69 
discontinuous method, 473, 479, 481 

T o\uhydroquinone n.s developing agent, 
343 

Toluhydroquinonc disulfonate, 383 
Tone reproduction, 

gr:u.dientrelat ionsin, 764 
grap!.ieaolution, 759, i(il 
in 110und I1X'Ording, 921 
theory of, 7j;j 

Tones, ~:~ulfide, color of, 573 
Toning, rmz 

by blc:~-Ching nnd redevelopment, 572 
ehemie:ll, 569 
by color development, 579 
copper,5n 
by dyes, 577 
ferricy:mide, 577 
gold, 569 
hypoalum,57l 
by metallie snll-s,576 
polysulfide, r.n 
sclenium,574 
sulfide,570 
tellurium,574,r,7;i 

Toxicit.y of developing agents, 366 

Transparency, 
definit ion, 202, 638 
roln.tion t<lexpoaure, 200 

Tri:uninobenzene ns developing agent, 
347 

Trin.minophenol as devclopiug agent, 348 
Triamino-3-hydroxyphenol asc.levCJoping 

agent,34S 
Trieolortablets, 6112 
Trimetl•yl hydroquinonc, :mtoxidat.ion 

of, 381 
Triphenylmethane dyes as desensitizers, 

1016 
Tungsten sto.lta as developers, 332 
Tungsten standard lamp, 598 
Turbidity, 871, 872 

gminsizeand,872 
mea!lurement of, 872, 882 
OJmeity and, 872 
rell1tion tosharpnei38,8!H 
in st ellar photomet.ry, 883 

Ultraviolet light, 
discovery, 96\ 
in photomierogr:1phy, 37, 834 

Underexposed portion of characteristic 
curve, 209, 714 

Urnnium intem1ifier,.">OO 
Urea, effect of, on cr)'lltal shapes, 27 

Valve, liglot, 925 
Vanadium !llilta as developers, 332 
Vnriation, coefficient of, 50 
Velocity constant of dc\·clopment, 404, 

400,410 
Velocity of development, effect of oom

lXI!lition of developer on, 403, 432 
Velocity equations of devcloJlment, 426, 

432 
Villard effect, 255 
Vinylene dye series , 989 
Vi~~X~~~ity, effect on crystal growth of, 21 
Viscosity of gelatin, 72 

variation of, in solution, 73 
Visibility curve, 600 
Vi~tml aeuity, 841 
Visnal sensitivity, 71J.S, 805 

comJllired with phot<~grnphie plntc, 809 
determination of, 805 
effect of l:!Urroundings on, 805 

Visual sensitometer, 805 

\Varnerko sensitometer, 588, 710 
Washing, 53! 

emullliOnll, 3, 7 
papers, 535 
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Washing (continued) 
theory of, 532 · 

Watkins factor, 315, 433 
Watkins speed numbers, 711 
Wuvckngth, 

effect on 1', f.SI 
effect on reciprocity hw fnilure, 249 
Herschel efJ(l(.{.as fuuctionof, 284 
resolving powcr,.nd, OClO 
-I!Cnsitivityeurve, f.S2 

Weher-Fcchncr hw, S03 
Wedge, 

constant, 5.'>9, 006 
densitometers, f..:-.7 
diaphragms,li\9 
method of sensitomet ry, 623 
~pcctrogmphs, 678, 6.<;;.& 

Wedges, 
nhsorhing, 605 
Edcr-Hecht, 589 
neutml,f>07 
optical, 605 

"Weighting" the eytminc dye mole 
1021 

\Veston sptJed numbers, 711 
\Vet l'<Jl!odion l5Cnsitizing, 970 
Wynne speed numbers, 711 

X-ray analysis applied to, 
collagen and gelatin, 67 
silver,l4 l 
silver halides, 10 

Xylohydroquinone, 3SJ 
autoxidati<Jn of, 384 
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